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Fe(III)-Rhamnoxylan—A Novel High Spin Fe(III) Octahedral
Complex Having Versatile Physical and Biological Properties
Anum Hayat 1,2 , Mohammad Saeed Iqbal 1,* , Naveed Ahmad 3,* , Nabil K. Alruwaili 3 and Atta ur Rehman 4

1 Department of Chemistry, Forman Christian College, Lahore 54600, Pakistan
2 Department of Chemistry, Kinnaird College for women, Lahore 54000, Pakistan
3 Department of Pharmaceutics, College of Pharmacy, Jouf University, Sakaka 72388, Al-Jouf, Saudi Arabia
4 Department of Pharmacy, Forman Christian College, Lahore 54600, Pakistan
* Correspondence: saeediqbal@fccollege.edu.pk (M.S.I.); nakahmad@ju.edu.sa (N.A.)

Abstract: An iron (III) complex with rhamnoxylan, a hemicellulose from Salvia plebeia seeds, was
synthesized and characterized by elemental analysis, spectroscopic and magnetic susceptibility
measurements, thermal analysis and scanning electron microscopy. The rhamnoxylan was found to
be a branched hemicellulose consisting of β-1,4-linked xylose main chain and rhamnose attached
to the chain at β-1,3 positions. The complex was found to contain 18.8% w/w iron. A high-spin
octahedral geometry of Fe3+ was indicated by the electronic absorption spectrum of the complex. In
other experiments, the complex exhibited good electrical and magnetic properties. In vivo efficacy, as
hematinic, of the complex in induced anemia was demonstrated equivalent to that of iron protein
succinylate (taken as standard) as evidenced by raised red blood cell count, hemoglobin, hematocrit
and total iron in rabbit. The complex was found to be non-toxic with LD50 > 5000 mg kg−1 body
weight in rabbit. Thus, iron(III)-rhamnoxylan hold the potential for application as hematinic for
treatment of iron deficiency anemia.

Keywords: Iron(III)-hemicellulose complex; rhamnoxylan; iron supplement; magnetic polymer; hematinic

1. Introduction

The iron deficiency anemia is of concern in developed countries and a serious problem
in underdeveloped countries. It is caused by low iron diet in developed countries and
scarcity of nutritional diet in underdeveloped countries [1]. Iron deficiency causes a drop
in hemoglobin level in blood. Typical hemoglobin levels in humans are >13 g dL−1 (males)
and >12 g dL−1 (females); these levels may drop to 3 g dL−1 or lower in case of extensive
blood loss due to hemorrhage, menstrual flow and bleeding ulcer [2]. In order to treat
such conditions iron compounds are administered as therapeutics or included in dietary
supplements. The iron salts currently used as therapeutics include ferrous sulphate, ferric
chloride, ferric ammonium citrate, ferrous fumarate and complex compounds like ferrous
gluconate, iron dextran, iron sorbitex, ferric carboxymaltose, ferric hydroxide polymaltose
complex and iron protein succinylate (IPS) [3]. Among these, polymeric iron complexes
are considered more useful as simple iron salts, when administered orally, interact with
food and other medications resulting in reduced bioavailability [4]. On the other hand,
the polymeric complexes are relatively stable and release iron in a sustained manner
through ligand exchange processes in the body. Therefore, the complexes are considered
beneficial for oral administration. Large molecule polysaccharide metal complexes exhibit
higher safety as compared with traditional small molecule metal complexes. Therefore,
polysaccharide metal complexes from single polysaccharides can be used as promising
novel drugs.

Fe3+ forms both low-spin and high-spin octahedral complexes with different ligands.
High-spin complexes are formed with weak-field ligands such Cl− or OH− ions. Low-spin
and high-spin complexes play important role in spin-cross-over reactions in the biological
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system. Normally, the low-spin state is more favorable for Fe3+ complexes. The proteins
having octahedral Fe3+ environment with all the six sites occupied include cytochromes
and ferredoxins, which are involved in electron transfer processes. The title complex being
reported here would mimic the role of these proteins. To the best of our knowledge no
high-spin octahedral complex with a hemicellulosic ligand has been reported.

The problem with the currently available iron pharmaceuticals and nutritional supple-
ments is that they cause gastric irritation and low efficacy. Ferric hydroxide polymaltose
complex and IPS, considered to be safe [5], also exhibit side effects to varying degrees. Treat-
ment with ferric hydroxide polymaltose is usually associated with diarrhea and lower onset
effect [4,5], whereas the IPS may not be tolerated by the patients showing casein allergy. So,
it is desirable to design and synthesize new iron complexes having lower toxicity, better
tolerance and bioavailability. It has been reported that hemicelluloses have the potential to
be used as drug carriers because of being biocompatible, biodegradable and digestible by
human [6–8]. The present study was designed to investigate the potential of hemicelluloses
to bind enough quantity of iron for use as hematinic. For this purpose, rhamnoxylan, a
hemicellulosic material isolated from Salvia plebeian seeds, commonly known as sage and
regionally recognized as ‘Samundarsok’ and ‘Kamarkas’, was used as a model [9].

S. plebeia is a herb found along sides the streams and rivers in different parts of
the world. The plant’s classification is: Plantae (kingdom), Magnoliophyta (division),
Magnoliopsida (class), Lamiales (order), Lamiaceae (family), Salvia (genus) and plebeia
(species). The extracts of seeds and leaves of this plant have significant therapeutic value;
the popular uses include sore throat, headache, asthma and inflammatory diseases [10].
When seeds of S. plebeia are soaked in water, they produce a mucilage mainly consisting
of hemicelluloses identified as rhamnoxylans having weighted-average molar mass (Mw)
of 2.47 × 106 Daltons containing Xylp 99.32% and Rhap 0.68%. In the present work, it
has been hypothesized that rhamnoxylan forms an iron complex having better efficacy,
bioavailability and toxicity profile for treating iron deficiency.

2. Results and Discussion
2.1. Synthesis of Fe(III)-Rhamnoxylan

A dark brown complex was obtained by the experimental procedure as discussed in
the methods section. The role of NaOH is to facilitate dissolution of rhamnoxylan during
complex formation. In order to remove Fe(OH)3, that may have formed due to a reaction of
FeCl3 with NaOH, the complex was thoroughly washed with dilute HCl. Further washings
with methanol and ether afforded a significantly dry product, which was further dried
at 60 ◦C in an oven to a constant weight and ground to obtain a free-flowing powder in
good yield (~90%). The complex was sparingly soluble (approx. 1 g in 100 mL) in dimethyl
sulfoxide (DMSO) and dimethylformamide (DMF), and insoluble in other organic solvents
and water.

2.2. Characterization
2.2.1. Elemental Analysis

Elemental analysis of the rhamnoxylan sample and the synthesized Fe(III)-rhamnoxylan
complex (Table 1) shows the presence of C and H. The percentages in the complex of these
elements (C: 31.1%; H: 5.15%) were lower than those of rhamnoxylan (C: 46.73%; H: 6.45%)
as expected due to the presence of iron (18.40%) in the complex. However, the C:H molar
ratio was similar in the two materials, which confirmed that iron is bonded to the rham-
noxylan. The AgNO3 gave negative test for Cl− ions. The water content in the complex
(11.0%) was higher than that in the rhamnoxylan used (5.98%) indicating the hygroscopic
nature of the complex.

2
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Table 1. Elemental, moisture, monosaccharide and GPC analysis data (% w/w on dry substance basis).

Compound Carbon Hydrogen Iron Moisture Rhap Xylp Mw
(Dalton)

Rhamnoxylan 46.73 ± 0.04 6.45 ± 0.02 - 5.98 ± 0.01 0.68 ± 0.02 99.32 ± 0.05 2.47 × 106

Fe(III)-rhamnoxylan 31.1 ± 0.03 5.15 ± 0.01 18.40 ± 0.02 11.0 ± 0.01 0.61 ± 0.01 89.12 ± 0.04 2.52 × 106

2.2.2. Monosaccharide Analysis

The monosaccharide analysis in Table 1 clearly indicates the presence of Xylp and
Rhap in the complex; their percentages are lower than those in pure rhamnoxylan due to
the presence of iron as part of the complex. However, the Xylp:Rhap ratio in the complex is
similar to that in the rhamnoxylan. This effect is also noticeable in the relatively higher mo-
lar mass of the complex (2.52 × 106 D) compared to that of the rhamnoxylan (2.47 × 106 D)
as determined by GPC (Table 1).

2.2.3. FT-IR and Raman Analysis

The FT-IR spectra of rhamnoxylan and the Fe(III)-rhamnoxylan complex are shown in
Figure 1. All the absorption bands of the sugar moieties in rhamnoxylan were present in
the spectrum of the iron complex. The characteristic bands due to ν(OH) at 3337–3371 cm−1,
ν(C–C) in rhamnonosyl side chain at ~1059 cm−1 and β-glycosidic C-H bending at ~910 cm−1

were observed in both the samples. A broad absorption at 3371 cm−1 in the spectrum of
the complex appears to be shifted to a higher energy from 3337 cm−1 due to ν(O-H) [11]
in the pure rhamnoxylan [12,13]. This clearly indicates formation of a coordinate covalent
bond between the hydroxyl groups and iron. Slight shift of glycosidic linkage, C-O-C
was observed at 1034 cm−1 [13–16]. A Fe-O absorptions below 450 cm−1 that falls in the
far IR region is generally indicative of formation of new Fe-O bond; this could not be
recorded due to instrumental limitation. For that Raman spectrum of the complex was
compared with that of the rhamnoxylan shown in Figure 1b and ferric chloride reported
in literature [17]. Prominent Raman shifts in the region 300–420 cm−1 were observed in
the spectrum of the complex that confirmed the existence of Fe-O bond in the complex
and the absorption at 255–258 cm−1 assigned to an A1g(Fe-Cl) mode [17] was absent in our
spectrum indicating that the complex was free from FeCl3. The AgNO3 test also confirmed
the absence of Cl− ion in the complex.
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2.2.4. Structural Analysis of Rhamnoxylan by MALDI-ToF Mass Spectroscopy

The MALDI-ToF mass spectrum of the water soluble hemicellulose is shown in Figure 2.
The assignments of fragment ions were done by mass interval analysis. The masses of resid-
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ual ions of xylose (M = 150) and rhamnose (M = 164) after glycosidic cleavage (loss of 18 Da)
were calculated as (132)n + 23, (132)n + 23 + 18 Da, (146)n + 23 Da, (146)n + 23 + 18 Da and
(146)n + (132)n + 23 Da, where n is the number of monosaccharide units and 18 Da the mass
of reducing end consisting of two hydrogen and one oxygen atoms. The mass difference
between the daughter and the parent ions was used to identify the glycoside position in the
monosaccharides. Such fragmentation patterns have been categorized into various types
by Domon and Costello [18,19].
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Figure 2. MALDI-TOF mass spectra of rhamnoxylan in (a) 500–1900, (b) 1700–3100, (c) 3000–6000
and (d) 5500–14,000 m/z ranges.

High intensity peaks were observed in the 600–900 m/z range. The intense peak at m/z
703 was assigned to a [5 Xyl + Na]+ adduct, where Xyl is the xylose unit. The neighboring
peaks at 643 and 626 m/z with a mass difference of 60 and 78 Da indicate β-1,4 linkages
of xylosyl residues in the xylan backbone due to loss of C2H4O2 and C2H4O2 + 18 (cross-
ring A/X-type cleavage). A peak at m/z~850 represents a [Xyl-Xyl-Xyl-Xyl-Xyl-Rh + Na]+

residue, where Rh is the rhamnose unit. Two low intensity signals at 834 and 730 m/z
having mass differences of 16 and 120 Da, respectively, suggest that rhamnose is also linked
to xylose through β-1,4-linkage. Relatively higher intensities of these signals indicate that
these groups are present as branches at the xylan chain. This is because bulky groups
are more vulnerable to fragmentation. A low intensity peak at m/z 661 was assigned to
[Xyl-Xyl-Xyl-Xyl-Xyl + H]+ xylosyl residues. The lower intensity signal of the fragment
is understandable because the carbohydrates are not easily protonated [20]. Very low
intensity peaks were observed in the 900–3500 m/z range. There is a series of weak signals
spaced by 132 Da; around m/z 1028, 1157, 1290, 1554 (dimer) and 1818.237 (dimer). Above
m/z 1800, the rhamnosyl residues produced peaks frequently.

Some lower intensity peaks at m/z 1906, m/z 1894 and m/z 1866, having mass dif-
ference of 78, 90 and 118 Da from m/z 1984, due to cross-ring fragmentation (A/X-type)
suggested that xylosyl and rhamnosyl residues are also linked through β-1,3 positions
along with β-1,4. The lower intensities may be indicative of a rigid main chain difficult to
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undergo fragmentation. In the m/z 8000–13,000 range bunches of peaks were observed.
These bunches most probably consist of a series of signals separated by 132 and 146 Da
corresponding to xylosyl and rhamnosyl residues, respectively. Several signals with a
difference of 16 and 17 Da were observed due to loss of O and OH, which are abundantly
present in the polysaccharide structure. There was no evidence of the presence of uronic
acids because of the absence of peaks having a mass difference of 178 Da.

This analysis shows that the main chain of polysaccharide consists of β-1, 4-D-xylose
linkages branched with β-1, 3-linked rhamnose units. Thus, a block of the polymeric
structure of rhamnoxylan can be proposed as shown in Figure 3. According to this,
a mole of rhamnoxylan (2.47 × 106 Da) would consist of around 850 such blocks and
61,000 monosaccharide units.
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Figure 3. Structure of rhamnoxylan based on MALDI‐ToF mass spectral analysis. Figure 3. Structure of rhamnoxylan based on MALDI-ToF mass spectral analysis.

2.2.5. Electronic Absorption Spectrophotometry

Electronic absorption spectra of iron complexes in the UV-Visible range provide useful
information about the oxidation state of the metal ion, chromophores in the ligand, charge
transfer transitions and geometry of the complex ion. High-spin Fe3+ complexes contain five
unpaired electrons in the d orbital, so all d-d transitions are spin forbidden, hence, should
be weak. Most of the Fe3+ complexes exhibit weak d-d absorption bands, while some have
been reported to show quite intense absorptions. The spectrum of the Fe(III)-rhamnoxylan
was characteristic of a complex formation and entirely different from that of FeCl3·6H2O
shown in Figure 4. The spectrum of FeCl3·6H2O consisted of a single absorption at about
300 nm [21] whereas, that of the complex exhibited three absorptions in the visible region
centered at 400 (very broad), 570 (broad), 645 and 690 nm (sharp). This pattern resembles
those of six- coordinate Fe3+ complexes.
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The absence of any absorption in the regions 420–450 nm and 800–900 nm rules out
the presence of Fe2+ ion in the complex [22]. The assignment of the observed absorp-
tions is straightforward as for the octahedral complexes [23–26] and can be assigned as:
~400–6A1g → (4A1g, 4Eg); ~570 nm–6A1g → 4T2g; ~645 nm (charge transfer, O-Fe LMCT);
~690 nm–6A1g → 4T1g. The sharpness of low-energy bands in the spectrum of the complex
may be attributed to combination vibrational bands of the ligand.

2.2.6. Mössbauer Specroscopy

The Mössbauer spectrum recorded at room temperature is shown in Figure 5. The
spectrum was fitted to a single doublet to compare it with a reported iron polysaccharide
complex [27]. The ferrous doublet was absent that confirmed the absence of Fe2+ ion in the
sample. The isomeric shift and quadrupole splitting were found to be 0.35 and 0.71 mm s−1,
respectively. These values correspond to ferrihydrite iron core [28].
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Based on the analytical (elemental and monosaccharide analyses) and spectroscopic
(FT-IR/Raman and electronic absorption) evidence presented so far, the coordination
sphere of Fe3+ ion in the complex appears to have an octahedral geometry, where the
macromolecule acts as an anionic ligand. A structural block of the Fe(III)-rhamnoxylan
complex can be shown as in Figure 6. Accordingly, a mole of the complex (2.52 × 106 Da)
would consist of around 578 such blocks. This indicates that the degree of polymerization
has been reduced to ~68% on complex formation. The salient features of the proposed
structure are: (i) the rhamnoxylan acts as an anionic ligand under highly alkaline condi-
tion, (ii) coordinated water (1–3 molecules per iron atom) is present, (iii) varying number
(1–2) of free OH¯ ions in the alkaline medium are also found in the coordination sphere.
The structure represents a polynuclear ferrihydrite iron core similar to the Enteromorpha
polysaccharide-iron (III) complex [29]. The Fe(III)-rhamnoxylan complex pre-dominantly
appeared to be hydrophobic (lipophilic) as shown by the solubility data.
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Figure 6. Proposed structure of the Fe(III)–rhamnoxylan complex. 
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Figure 6. Proposed structure of the Fe(III)–rhamnoxylan complex.

2.2.7. Powder X-ray Diffraction Analysis

The p-XRD spectra of rhamnoxylan and the Fe(III)-rhamnoxylan complex are shown
in Figure 7. Rhamnoxylan appeared to be mainly in amorphous state, whereas the com-
plex exhibited four peaks at 2θ values 33◦, 45◦, 57◦ and 75◦ indicating a crystalline na-
ture of the complex [30–34] and favoring octahedral geometry. The sharp peak around
33◦ corresponds to that of iron oxide nanoparticle [31,32,35], whereas at 45◦ is related to
the iron crystal [32]. The appearance of peaks represents different crystal sizes ranging
from nano- to micro-meter [23]. The significant difference in the spectra suggests a phase
change due to complex formation. These peaks represent different crystal sizes ranging
from nano- to micro-meter scale. Attempts to grow a single crystal for further structure
elucidation were not successful.
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2.2.8. Magnetic Properties

The magnetic moment was found to be 5.9 B.M. that corresponds to the spin only value
of 5.92 B.M for Fe(III) complexes. This result confirms the high spin configuration of Fe(III)
ion in the complex. Thus, the complex exhibits paramagnetism [33,35,36]; the property
that may be exploited in biomedical applications including cell separation, immunoassay,
magnetic resonance imaging and drug delivery.

2.2.9. Scanning Electron Microscopy

The SEM images of rhamnoxylan and the Fe(III)-rhamnoxylan complex are shown
in Figure 8. A comparison of the two micrographs clearly shows the formation of a new
material with change in the morphology after complexation.
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Figure 8. SEM images of (a) rhamnoxylan and (b) Fe(III)-rhamnoxylan complex.

2.2.10. Thermal Analysis

TGA was used to determine thermal stability of the complex and to further verify
the presence of organic component in it. Thermograms of rhamnoxylan and the Fe(III)-
rhamnoxylan are shown in Figure 9. A three-stage decomposition of the complex was
observed. The stage I at ambient to ~120 ◦C corresponds to a loss of absorbed moisture
(~11.3%) in the complex; whereas in case of rhamnoxylan this loss was ~5.8% due to
absorbed moisture at ~100 ◦C. It was noted that decomposition of the complex starts
at a higher temperature (~271 ◦C) compared to that of the rhamnoxylan (~225 ◦C); this
suggests that the complex is thermally more stable than the rhamnoxylan. Two major
losses occurred at stages II and III, which account for the decomposition of the polymeric
ligand. A relatively lower weight loss (~20%) at stage II probably represents side chain
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decomposition compared with a major loss (~40%) at stage III due to decomposition of the
main polymer chain. The residue of the complex was ~26% that corresponds to Fe2O3.
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Figure 9. TGA curves of rhamnoxylan and Fe(III)-rhamnoxylan recorded at 10 ◦C min−1 under
nitrogen flow (30 mL min−1).

2.2.11. Electrical Properties

The impedance spectra of the samples are shown in Figure 10. The resistance and ionic
conductivity data at different temperatures are presented in Table 2. It can be seen that
resistance decreases and conductivity increases with a rise in temperature in accordance
with the kinetic theory. These data show that the complex can be used as a solid polymer
electrolyte.
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Figure 10. Impedance spectra of the iron complex recorded at 40, 120 and 200 ◦C.

Table 2. Resistance and conductivity data of the iron complex at different temperatures.

Temperature (◦C) Rg (Ω) Rgb (Ω) Rt (Ω) σ (S cm−1)

40 205.35 1650.46 1845.64 2.51 × 10−4

120 100.86 456.24 507.21 1.01 × 10−3

200 36.32 65.89 107.21 4.99 × 10−3
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2.3. Stability Study

The results of the six-month accelerated stability study are depicted in Figure 11. It
was observed that the Fe3+ content remained unchanged throughout the study period and
there was no Fe2+ impurity detectable in the product. This is understandable because Fe2+,
the only expected impurity, may be produced under reducing environment and cannot
creep up in the presence of air and humidity. Moreover, no significant change in the FT-IR
and electronic absorption spectra was observed during this period. So, based on this study
and TGA data, it can be concluded that the product is highly stable.
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50 ± 1 ◦C and 75% relative humidity.

2.4. Biological Evaluation
2.4.1. Acute Oral Toxicity

According to OECD guidelines, 24 h after administration of the test dose (5000 mg kg−1

body weight) none of the animals was found to be dead and the animals showed no significant
change in eye color, hair fall and weight for next 48 h. During that time, they remained active
with normal heart and breathing rate and no irritation. The eye reflexes were also positive as
assessed by a standard method [37]. No redness or ulceration was found in the stomach walls,
indicating a good tolerability needed for long term treatment. The isolated stomach, spleen,
liver, intestine, heart and kidneys were found to be normal as examined microscopically. The
results of this test suggested that the synthesized Fe(III)-rhamnoxylan complex is non-toxic
and may be categorized as ‘unclassified’ according to GHS categorization [38].

2.4.2. In Vivo Absorption and Excretion of Iron

After oral administration of 5000 mg kg−1 body weight of Fe(III)-rhamnoxylan in the
acute toxicity test, the stomach material was microscopically found to contain folds of the
hemicellulose (Figure 12a) indicating that the complex remains intact in the stomach and
reaches intestine slowly releasing iron there, after dissolution of rhamnoxylan at the alkaline
pH in the duodenum. The complex is predominantly lipophilic and slowly dissolves in
alkaline medium. Some amount of iron in feces and significant amount in blood were
detected indicating that iron from the complex is released and distributed throughout the
body. Stomach was almost clear of the complex after 4 days (Figure 12b).
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material after 14 days.

As the storage of iron in the body depends upon several factors including that in stom-
ach, spleen, liver, macrophages, absorption from GIT and simultaneous release through
bile [39], the bioavailability of iron cannot be accurately determined from the AUC. So, the
bioavailability was assessed as the % increase of iron in blood after 14 days (Table 3) and it
was estimated to be ~13.29% that was slightly higher than that of the IPS standard (~9.78%).

Table 3. Bioavailability data of Fe(III)-rhamnoxylan and IPS.

Treatment Amount of Fe(III) in Control
Animals after 14 Days (mg)

Amount of Fe(III) in Blood
after 14 Days (mg)

Bioavailability
(% Increase)

IPS (33 mg equivalent of iron) 6.4 7.02 ± 0.3 ~9.78
Fe(III)-rhamnoxylan (33 mg
equivalent of iron) 6.4 7.26 ± 0.2 ~13.29

2.4.3. Therapeutic Evaluation

The Figure 13a shows the % change in Hb level for 14 days experiment. The mini-
mum levels of Fe, Hb, HCT and RBCs count were observed on the 6th day. However, the
minimum levels of all these parameters were better in the treatment groups compared
to those for the untreated control (Table 3). A comparison of the Hb levels on the day 14
indicates that recoveries were: 89% (Fe(III)-rhamnoxylan), 87% (IPS) and 70% (negative
control/anemic), suggesting that the Fe(III)-rhamnoxylan complex is equally or slightly
more effective in raising the Hb level than IPS (the standard drug). Similar trends were
observed in RBCs (Figure 13b), HCT (Figure 13c) and blood iron (Figure 13d). Overall,
the in vivo study demonstrates better (p < 0.05) efficacy, bioavailability and toxicity profile
of Fe(III)-rhamnoxylan, in the animal model under investigation, compared with a com-
mercially available standard (IPS). Fe(III)-rhamnoxylan can be considered as a potential
candidate for clinical trials.
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Figure 13. Effect of Fe(III)-rhamnoxylan on (a) % Hb, (b) % RBCs, (c) % HCT and (d) Fe content.

3. Materials and Methods
3.1. Materials

Rhamnoxylan from S. plebeia (Mw 2.47 × 106 Daltons containing 99.32% Xylp and
0.68% Rhap) was used from a sample previously prepared and characterized in our lab-
oratory [40]. Ferric chloride hexahydrate (FeCl3·6H2O), silver nitrate (AgNO3) sodium
hydroxide (NaOH), hydrochloric acid (HCl, 37%) and 2,5-dihydroxybenzoic acid (DHB),
all were from Sigma-Aldrich, St. Louis, MO, USA. IPS (Italfarmaco S.p.A. Milan, Italy) was
used as the standard drug and manganese chloride (MnCl2, QQ 153, Sherwood Scientific
Ltd., Cambridge, UK) was used as the calibrating standard for magnetic measurements.
All the chemicals were of analytical grade and used without further purification. Distilled
water was used throughout the experimental work.

3.2. Synthesis of Fe(III)-Rhamnoxylan Complex

Rhamnoxylan (2 g) was suspended in hot water (at 75–80 ◦C) and allowed to soak
for about an hour under constant stirring by a magnetic stirrer. To the stirred suspension,
FeCl3·6H2O (5.35 mL of 75% aqueous solution) was added followed by dropwise addition
of NaOH (40% aqueous solution) to adjust the pH to 11.5. The mixture was stirred for
further 60 min at 80 ◦C. The brown colored complex formed as precipitate was isolated
by filtration under vacuum. The complex was washed with dilute HCl to remove any
ferric hydroxide that may have formed followed by several washings with methanol. The
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complex was finally washed with ether and dried at 60 ◦C in an oven and ground into a
powder (yield 1.8 g; 90% of the rhamnoxylan used). The complex formation occurred in
the pH range 8–11.5 with better yield at 11.5. Similar pH has been used in the synthesis of
an iron-saccharide complex [41]. The purity of the complex was ascertained by the single
peak appearing in the gel permeation chromatogram.

3.3. Characterization

The elemental (carbon and hydrogen) analysis of the synthesized complex was carried
by Leco 4201 elemental analyzer (Leco, St Joseph, MI, USA). Iron was determined by atomic
absorption spectrophotometery. For this, the complex (100 mg) was digested in aqua regia
(15 mL) followed by dissolution of the iron salt in water to make 100 mL of the solution.
The solution was filtered and analyzed by flame atomic absorption spectrometer AAS
FS240 (Varian, Palo Alto, CA, USA) using iron hollow cathode lamp set at 248.3 nm and an
air-acetylene flame. The standards (prepared from 1.0 mg mL−1 stock solution, lot# D2-
FE03121 in 2% HNO3 v/v, from Inorganic Ventures, Christiansburg, VA, USA Cat# AAFE1-5)
and samples were analyzed in triplicate. The R2 value of the six-point calibration curve
was 0.9998. The AgNO3 test was performed to detect Cl− ions if any. Moisture content
of the complex was determined by Karl-Fischer titration using Titrino 701KF (Metrohm,
Herisau, Switzerland) auto titrator.

Monosaccharide analysis was carried out after hydrolysis of the rhamnoxylan and the iron
complex with sulfuric acid and electro chemical detector according to a reported method [42].
Rhamnose and xylose (Sigma Aldrich, St. Louis, MO, USA) were used as standards. The
chromatographic conditions were: isocratic elution using 95% water and 5% 0.2 M NaOH at
room temperature (25 ± 1 ◦C); flow rate 0.5 mL min−1; injection volume 50 µL.

Molar masses were determined by gel permeation chromatography (GPC) using
Agilent 1200 series (Agilent, Waldbronn, Germany) system equipped with PL aquagel-
OH mixed column and refractive index detector (G1362A) using DMSO containing 0.50%
LiBr as eluent (flow rate 0.5 mL min−1 at 70 ◦C) and injection volume of 10 µL. Pullulan
(96351 Supelco standard set Mp ~350–700,000) and dextran (31430 Supelco standard set
Mp 1000–400,000) were used as calibration standards.

The FT-IR spectra were recorded at 2 cm−1 resolution, in transmission mode, using
a Carry 630 FTIR spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The
powdered sample was placed on the diamond crystal and the spectrum was recorded in
the 4000–630 cm−1 range. Raman spectra were recorded by use of a reflex microscope
(inVia™ confocal Raman microscope, Renishaw). A near-infrared diode laser was used
for excitation at 785 nm. Electronic absorption spectra were recorded in diffuse reflectance
mode by UV-1800 spectrophotometer (Shimazdu, Kyoto, Japan) in the 200–800 nm range.

MALDI-ToF mass spectrometric analysis was carried out to determine structural
features of the rhamnoxylan used for complex formation. This technique is appropriate as
it produces singly charged ions; this has been demonstrated in our recent work [20]. The
spectra were recorded in the 500–14,000 m/z range by MALDI-ToF/ToF (Bruker Daltonics
Inc, Fremont, CA, USA) spectrometer using single ToF option in the reflectron mode. The
desalted sample (1.5 mL) was spotted in triplicate on MTP 384 polished steel BC targets
(Bruker Daltonics) and the samples were overlaid with 2,5-DHB (1.5 mL) and dried. The
rest of the procedure was same as reported earlier [20].

The Mössbauer spectrum was recorded at room temperature using a 25 mCi 57Co(Rh)
source. The velocity was calibrated by laser interferometry. The powdered sample
(~125 mg) was pressed in a brass ring with area of 1.75 cm2 and sealed with benzene-
styrofoam. Aluminum foil was used as the backing. The spectrum was fitted to single
doublet assuming a Lorentzian line shape.

Powder X-ray diffraction (p-XRD) spectra were recorded by D2 PHASER diffractrome-
ter (Bruker, Bremen, Germany). The samples were tightly packed in the sample holder and
diffractions were recorded using Cu radiation (1.54184 Å, 30 kV, 10 mA) and Lynxeye array
detector over the 19◦–80◦ 2θ range.
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Magnetic susceptibility measurements were performed by using MSB MK 1 magnetic
susceptibility balance (Sherwood Scientific, Cambridge, UK). The balance was calibrated
by using MnCl2, standard (QQ153, Sherwood Scientific Ltd., UK). The effective magnetic
moment (µeff) was calculated by the formula: µeff (B.M.) = 2.828(χAT)1/2, where χA is the
atomic susceptibility of the paramagnetic ion (Fe3+ in this case) corrected for the ligands
and T is the absolute temperature.

Surface morphology was studied by scanning electron microscopy (SEM) using JEOL
JSM-6480LV microscope after sputter coating with gold (in case of rhamnoxylan) and
without sputter coating (in case of Fe(III)-rhamnoxylan as the complex was self-conducting
due to the presence of iron in it). For this, samples were fixed on the stub with a double-
sided adhesive tape and images were recorded at different magnifications.

Thermal analysis was carried out in TGA mode by SDT Q600 analyzer (TA Company,
La Vergne, TN, USA). Samples (approx. 6 mg) were heated in aluminum sample pans from
10 ◦C to 700 ◦C at a heating rate of 10 ◦C min−1 under nitrogen flow (30 mL min−1).

To determine electrical properties, sample was cold-pressed into cylindrical pellets
(10 mm dia) at 40 MPa. The pellets were painted with silver paste and impedance spec-
tra were recorded in air at 40–200 ◦C (heating rate: 15 ◦C) using Gammry Interface
1000 potentiostat. The total resistance was determined by the formula: Rt = Rg + Rgb,
where Rg and Rgb are the resistance of grain interior and grain boundary, respectively. The
ionic conductivity (σ) was calculated using the formula: σ = l/RA, where l is the thickness
of the sample and A the cross-section area.

A six-month accelerated stability study was performed, according to WHO Q1F Stabil-
ity Guideline [43] as follows. Three different batches of the complex contained in plastic
PP Securitainers® (VWR International Ltd., Lutterworth, UK) were stored at 50 ± 1 ◦C
and 75% relative humidity and assayed for Fe3+ according to a validated method [44]. In
addition to this the FT-IR and electronic absorption spectra were also recorded before and
after six months.

3.4. Biological Evaluation

The synthesized complex was subjected to acute toxicity test and therapeutic evalua-
tion in vivo in standard Dutch rabbit. These studies were approved by the institutional
review board (vide IRB-124/12-2018) of the Forman Christian College (A chartered Uni-
versity), Lahore, Pakistan. All animal experiments complied with the ARRIVE guidelines
in accordance with the U.K. Animals (Scientific Procedures) Act, 1986 and associated
guidelines (EU Directive 2010/63/EU for animal experiments).

3.4.1. Acute Oral Toxicity Test

This test was performed according to OECD guidelines for determination of oral
toxicity [38]. Ten male rabbits (800–1000 g) were fed with fodder and free water adaptively
for a week. Five of the animals were orally fed with the synthesized complex at a dose of
5000 mg kg−1 body weight, while the other group of five was kept as control. Both the
groups were monitored for 48 h for any physical and behavioral changes including eye
color, eye reflexes, hair fall, weight change, heart rate, breathing rate, irritability and activity.
Eye reflexes were examined by flashing light into the side of the rabbit’s eye. Corneal
reflexes were examined by smoothly touching the cornea with a clean cotton swab to check
for any induced blink reflex [37].

3.4.2. Therapeutic Evaluation

Twenty male rabbits (6–8 weeks old, weighing 1000 ± 20 g) were purchased from
Tollinton Market, Lahore, Pakistan and housed in the animal storage facility at Forman
Christian College. They were fed with plain water and a low iron diet, adaptively for seven
days. The animals were divided equally into four groups as: A (untreated), B (negative
control/anemic), C (positive control/IPS) and D (Fe(III)-rhamnoxylan). Iron-deficiency
anemia was induced as reported earlier [45] by oral administration of 11 µg kg−1 per day
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phenylhydrazine for two days. The treatment was started after 4th day of the induction of
anemia. The groups C and D were administered, orally, a dose of the standard (IPS) and
the test sample equivalent to Fe 33 mg kg−1 body weight, respectively [46]. Blood samples
(1mL) were collected over 14 days with an interval of 24 h from the marginal ear vein,
using a 1 mL disposable syringe (with the needle 26G × 5/8 in.) containing K2-EDTA, The
effect of phenylhydrazine on Hb, RBCs, HCT and Fe levels was continuously monitored
separately. The percent change in the values was plotted against time (days), where %
change was calculated by the equation:

% change =
[

100− 100× (Initial value o f the parameter−Value on the particular day)
Initial value

]

3.5. Statistical Analysis

The student t test was applied to observe the significant difference between the nega-
tive control (anemic) and the Fe(III)-rhamnoxylan group; the significance was determined
at p < 0.05.

4. Conclusions

A molecular complex of Fe3+ with rhamnoxylan from Salvia plebeia seeds having the
octahedral coordination environment and high magnetic susceptibility was successfully
prepared. The complex exhibited good electrolytic properties and accelerated stability. The
Fe(III)-rhamnoxylan was non-toxic and exhibited better hematinic property as compared
with iron protein succinylate (a commercially available product) with no gastric irritation.
This provides for a safer potential candidate as hematinic for clinical trials.
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Abstract: This review focuses on the description of the main processes and materials used for the
formulation of rigid polymer foams. Polyurethanes and their derivatives, as well as phenolic systems,
are described, and their main components, foaming routes, end of life, and recycling are considered.
Due to environmental concerns and the need to find bio-based alternatives for these products, special
attention is given to a recent class of polymeric foams: tannin-based foams. In addition to their
formulation and foaming procedures, their main structural, thermal, mechanical, and fire resistance
properties are described in detail, with emphasis on their advanced applications and recycling
routes. These systems have been shown to possess very interesting properties that allow them to be
considered as potential substitutes for non-renewable rigid polymeric cellular foams.

Keywords: rigid foams; tannin-based foams; polyurethane foams; phenolic foams

1. Introduction

It is necessary for industry to adapt to new policies, consumer opinions, and economic
demands, and to propose alternatives aimed at the reduction of material costs, the mini-
mization of resource consumption, and the development of more environmentally friendly
resources. In order to compensate for the scarcity of petroleum derivatives, raw materials,
industrial processes, and production infrastructures are evolving towards the incorpora-
tion of bio-based materials and renewable and/or recyclable energy. A large number of
political, industrial and academic institutions have therefore embarked on the search for
more environmentally friendly energy, chemical, and physical extraction processes.

Among these initiatives, this review is focused on recent efforts in the area of the ther-
mal insulation of buildings. Indeed, policies implemented to mitigate the effects of climate
change and pollution follow transportation and energy consumption trends with respect to
buildings. Numerous incentives to renovate buildings have been launched in order to curb
fuel poverty and provide access to healthy, comfortable, and less energy-consuming struc-
tures. Thus, new regulations and government subsidies have been implemented, aiming
to reduce the energy needs of buildings by improving their bioclimatic design, reducing
heat loss (reinforced insulation), promoting solar and internal energy contributions, and
installing more efficient systems (heating, mechanical ventilation, etc.). Insulation is there-
fore a critical point in the design of a new building or the rehabilitation of an old building.
The objective is to design an envelope that reduces heat transfer between the interior and
the exterior, thus minimizing heat loss. Increasing the overall insulation capacity of the
building can be achieved by selecting the appropriate wall, roof, and opening materials, the
optimal installation techniques for reducing infiltration losses, and the best design methods
for limiting thermal bridges (Figure 1).
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Figure 1. (a) Heat losses for a standard building in France [1], (b) European insulation market in
2019 [2].

Thus, insulating a building involves the use of materials with very low thermal
conductivity, as well as the load-bearing structure of the walls. These materials must
also meet strict standards with respect to their structural properties (e.g., compressive
strength, lack of dimensional shrinkage, fire resistance, durability, etc.) and comply with
toxicity regulations. Today, the insulation market includes a wide range of materials. These
can be formed of different structures (cellular, fibrous, or loose) and can be composed of
various materials (bio-based, synthetic, or inorganic). Each solution has its own facilities
and costs of implementation and dismantling that need to be taken into account when
making the final choice, depending on the intrinsic performance of the material. Thus,
some formulations with a very good thermal resistance have higher installation costs,
while less efficient insulators necessitate greater thicknesses, therefore requiring higher
volumes to be processed at the end of the product’s life. Glass wool and rock wool are
widely used in Europe due to their good performance and ease of installation, as shown
in Figure 1. Other solutions also exist, but remain marginal when comparing the volumes
used; renewable insulation materials accounted for around 1.4% of the European market in
2019 [2]. Cellulose wadding, straw, and natural fibers such as hemp, flax, wood, and wool
can also be mentioned [3,4]. In this respect, the development of a bio-based material with
good thermal performance offers an alternative to petrochemical materials.

Inspired by the cellular phenolic and polyurethane materials commonly used in insu-
lation, tannin-based biosourced foams have been designed and produced in recent years at
the laboratory scale, with promising performance for insulation and other applications [5–9].
In this review, foams developed for insulation are carefully evaluated through the analysis
of the different formulations, foaming methods, and end-of-life processes available for
these materials. Finally, special attention is paid to tannin-based foams as an emerging
alternative to the use of non-renewable precursors.

2. Rigid Cellular Materials

Rigid cellular materials constitute a very broad family. Depending on the application,
different kinds of foams can be produced, which possess very different structures covering
a wide range of mechanical properties:

• Metallic foams, the skeleton of which can, for instance, be made of aluminum, nickel,
steel, titanium, copper, etc., offer very good resistance to chemical attacks and high
temperature [10].

• Ceramic foams based on alumina, silicon carbide, zirconia, etc., are also used for their
thermal and chemical resistance.

• Carbon foams can be produced from a matrix that is either a polymeric carbon precursor
or a support for the deposition of carbon prior to pyrolysis, or can be obtained by
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exfoliation and compaction of graphite. Their high but narrow porosity, electrical
conductivity, and good resistance to high temperatures and fire make them good
candidates in applications such as thermal energy storage, electrodes, gas adsorp-
tion/desorption, electromagnetic insulation, and fire protection [11].

• Polymeric foams, flexible or rigid, are composed of a wide range of macromolecules
(polyurethane, polypropylene, polyethylene, polyvinyl chloride, phenol–formaldehyde,
melamine–formaldehyde, polyimide, ethylene-vinyl acetate, polystyrene, etc.), and
can cover a wide variety of applications depending on the targeted properties and the
constraints of price, weight, physical and chemical compatibility.

As a summary, Figure 2 provides an overview of the usual range of values for the
main properties typically used to characterize foams.

Figure 2. Typical range of values for some properties, i.e., (a) density, (b) Young Modulus, (c) compres-
sive strength and (d) thermal conductivity, of foams depending on their nature (adapted from [12]).

The first polymeric cellular materials were designed by incorporating or directly
producing gas bubbles within the polymer matrix, resulting in cells. Because of their
own polymerization, thermoset foams can in some cases spontaneously produce the gas
necessary for the foaming process, whereas when using the thermoplastic method, it is
necessary to insert gas bubbles in order to obtain polymeric foams. The final cellular
materials can therefore be defined as combining at least two different phases: a porous
polymer matrix derived from a liquid reaction mixture or from the cooling of a molten
phase, forming a structural skeleton, and a gaseous phase, which is entrapped and forms
cavities dispersed therein [13].
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The interface between these two phases is called the cell wall, the thickness of which
depends on the chemical and physical properties of the matrix, and the proportion of gas
introduced [14]. During foam formation, the gas first diffuses into the liquid phase until it
forms pockets. Then, the bubbles grow, fed by the continuous diffusion and/or expansion
of the gas as the internal pressure and/or temperature in the liquid increases. Finally, the
cells can be isolated or merged by creating windows in the walls, an event that opens the
pores. Materials are then defined as being “closed cell” when there are no windows in the
cell walls. On the contrary, open-cell foams can undergo different degrees of pore opening,
from the merging of a few windows to the formation of a structure only based on struts. In
this extreme latter case, they are called reticulated foams. The properties of the material,
and in particular its structure, depend greatly on the density and distribution of the gas
bubbles. Foams can therefore be characterized by considering three different scales of
study: microscopic, mesoscopic, and macroscopic.

• At the microscopic scale, pores with a diameter of less than 2 nm, i.e., micropores can
be present in the solid walls, in response to mechanical and thermal stresses, and
may bear different surface functions depending on the chemical nature of the foam
(Figure 3a).

• At the mesoscopic scale (2 nm–500 µm), one can observe the arrangement of cells
according to the theories of ideal cubic [12], spherical [15], tetrakaidecahedral [16] or
mixed [17] structures (Figure 3b–e). At this level, it is possible to determine the size and
shape of the cells and to evaluate their orientation, spatial distribution, and possible
connectivity by scanning electron microscopy or microtomography (Figure 3a).

Figure 3. (a) Cross-section of a cellular material plane at macroscopic, mesoscopic, and microscopic
scales (from left to right). 3D representation of model cell structures according to: (b) Kelvin (adapted
from [18]); (c) Wheaire and Phelan (adapted from [18]); (d) Ashby and Gibson (open cells, adapted
from [19]); (e) Ashby and Gibson (closed cells, adapted from [12]).

• At the macroscopic scale (>0.5 mm), the porous characteristics can be distinguished
by the naked eye (Figure 3a). Thus, relative density ρ can be used to describe the
material, defined as the ratio of the apparent (or bulk) density ρa (determined by the
weight divided by the total volume: solid and cells) to the skeletal density ρs (i.e., not
considering cells). The porosity, φ = 1 − ρ, is also often referred to as a complement of
the relative density. To complete the picture, a cellular material can be characterized by
two additional quantities. The tortuosity θ is defined as the ratio of the actual length
of the flow path when a fluid passes through it to the actual distance between the two
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ends; and the permeability k accounts for the difficulty for that fluid to pass through
the medium under consideration when subjected to a pressure gradient. These four
parameters are widely used to characterize foams.

2.1. Formulations

Throughout history, the discovery of new families of polymeric materials has led to
profound changes in the production of goods. As a result, new polymeric materials are
lighter, easy and inexpensive to manufacture, and offer a wide variety of shapes and colors.
These are employed in industry in order to satisfy the needs of mass production. The global
polymer foam market was worth about USD 100 billion in 2015, and was expected to have
reached about USD 122 billion by 2021 [20]. More recently, a new report established foam
production growth of about 5%/year from 2021 to 2026 [21]. The ubiquity of foams has
stimulated studies aiming to improve their chemical, physical, or mechanical properties,
while simultaneously achieving greater lightness. Like polymeric resins, foams can be
classified into different categories based on:

1. The chemical mechanisms of polymerization: polyaddition (production of a polymer
chain without by-products); polycondensation (production of a polymer condensate
and by-products, such as CO2 or H2O); cyclotrimerization (production of a polymer
composed of cyclic units, obtained from three monomers); ring-opening (production
of a polymer by opening the ring from which their monomers are composed); and
free radical polymerization (production of a polymer chain by the reaction of radical
monomers).

2. The physical mechanisms for their shaping: irreversible hardening under the action of heat
to obtain thermosetting materials [22], or reversible shaping by softening under the
action of heat to shape thermoplastic foams [23], or by crosslinking in elastomers [24].

3. The mechanical behavior under a light load: rigid and brittle foams, or flexible and
deformable foams, without rupture under load (rubber-like behavior), or semi-rigid
foams with an intermediate behavior [25].

To understand the mechanisms involved in the expansion of foams, a literature review
was carried out with respect to cellular materials derived from commonly used thermoset-
ting polymers available on the market, as summarized in Table 1. Many thermosetting
resins have been developed that form foams when a gas fraction is introduced during
synthesis. However, the current market is mainly focused on two large families of materials,
which can be characterized on the basis of their main crosslinking agent: (i) foams formed
from isocyanates, i.e., comprising N=C=O functional groups; and (ii) foams that instead
incorporate phenol derivatives, i.e., composed of an aromatic ring and a hydroxyl group.
The former are the main materials used in this sector, and include polyurethanes, polyureas,
and polyisocyanurates, while the latter are less widespread and are known as phenolic
foams. Polyester foams also exist, but their use is marginal compared to the foams mentions
above.

Table 1. Examples of rigid thermosetting cellular materials.

Poly Addition Poly Condensation Cyclo-Trimerization Ring-Opening Radical Polymerization

Isocyanates

Polyurethane PUR (*) X
Polyurea PUA (*) X

Polyisocyanurate PIR (*) X
Polycarbodiimide X

Polyimide X

Phenolic

Phenol–formaldehyde PF (*) X
Epoxy EP X

Tannin–furanic foams TFF (*) X

Polyesters

Unsaturated polyester X

(*) especially considered in this review article.
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2.1.1. Isocyanate Chemistry

The production of rigid cellular materials, as mentioned above, is largely dominated
by polymers derived from isocyanate chemistry, based on the N=C=O functional group.
The most emblematic foam in this category is polyurethane foam, from which the other
polymers in this family of materials are derived.

Polyurethanes

Polyurethanes (PURs) comprise a family of polymers obtained by polyaddition of
urethane units, i.e., the production of urethane units without the formation of by-products
during the main reaction, as defined by Carothers [26] (Figure 4a). Nevertheless, careful
protocols must be followed if only PURs are being targeted, because through the reaction
of isocyanate groups with water or moisture, polyureas can also be formed, as presented in
Figure 4a and discussed in the next section.

Figure 4. (a) Reaction diagram for PUR and PUA systems, containing (from left to right) the isocyanate
precursors, some examples of polyols for the formation of PUR, and, in the presence of water, the
formation of PUA and the consequent liberation of CO2; (b) examples of PUR foam applications,
such as the thermal insulation of buildings, different polymeric devices, and thermal insulation of
pipes.

Developed in the 20th century as a result of the research of Bayer, published in 1937 [27],
PURs emerged in German industry as an alternative to hard-to-produce synthetic fibers
during World War II, and have become key polymers in the plastics market due to their
versatility and their vast number of applications (see Figure 4b) [28,29]. Within this family
of PURs, rigid foams account for about 25% of all polyurethanes produced—a market
valued at USD 60.5 billion in 2017 [30]. According to a more recent study by Polaris Market
Research, growth to USD 92.26 billion is projected for 2026 [31]. The name polyurethane
does not refer to a unified family of macromolecules like most polymers. In fact, naming
conventions set polymer names such that PolyAAA is a chain of AAA monomer. However,
PURs are actually polymeric chains that end in urethane groups, but are not necessarily
composed of urethane monomers, as the chains often have other units. The incorporation
of additional reagents, with the selected proportions and reaction kinetics, allows the
development of myriad polyurethane types, leading to the coverage of a wide range of
properties, and thus applications [32]. It is, therefore, difficult to provide an exhaustive list

24



Polymers 2022, 14, 3974

of possible reactions and reactants, but the most notable are mentioned below. However,
there are examples of the addition of amines to produce urea units, a possible route for
crosslinking through the formation of biurets, carboxylic acids, epoxies, etc. [29]. Modified
and hybrid PUR foams based on various proportions of these non-PUR units for mild or
advanced modifications, respectively, can be found in the literature [33–35].

The polymerization reaction of PUR takes place through a main reaction between
isocyanates and polyols and, more generally, compounds rich in oxygen or nitrogen groups
such as hydroxyls, amines, amides, acids, epoxides, etc. The main components of foam
formulations can be obtained by using foaming agents to allow expansion, catalysts for the
different reactions, additives such as surfactants and flame retardants, etc. These different
constituents are presented in the following sections.

1. Isocyanates

Polyisocyanates comprise a family of chemicals that are highly reactive in the presence
of a free hydroxyl or amine-rich component, and under appropriate thermal conditions.
Thus, they react readily to the addition of alcohols, amines, carboxylic acids, water, etc. Most
of the polyisocyanates used in polyurethane synthesis are aromatic compounds, such as
toluene diisocyanate (TDI) (Figure 5a), methylene diphenyl diisocyanate (MDI) (Figure 5b),
pure monomeric MDI (mMDI), and especially polymeric MDI (pMDI) (Figure 5c), which
is the main isocyanate in rigid foams [29,36–51]. Other isocyanates can be considered for
specific uses [29,52–55].

Figure 5. (a–c) Main isocyanates used in the formulation of PUR. General schematic formulations of
main polyols used for PUR production: (d) polyether and (e) polyester.

As mentioned earlier, the synthesis of polyurethanes is based on the reaction between
an isocyanate and a polyol generating a chain of urethane units [38]. For foam production,
the polyols used in a standard way are often in aqueous medium. When mixed with
isocyanates, the main reaction between polyols and isocyanates forms the polymer, while a
second reaction between water and isocyanates takes place and produces CO2 and urea.
As a result, the self-reaction of the isocyanates and the release of CO2 become the engine of
expansion, thus avoiding the use of flammable or fluorinated foaming agents. In addition,
the formed urea units offer improved fire and compression resistance [32].

2. Polyols
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The PUR polymerization reaction takes place between any chemical with at least two
primary hydroxyl groups and diisocyanates. Polyols are commonly used because of the
diversity of their molecules, making it possible to achieve a wide range of properties [29].
The majority of the molecules are oligo-polyols, i.e., polyols with units other than -OH
groups in their terminations or in their branches. They generally have a low molecular
weight and high functionality, which leads to dense polymerization through crosslinking
reactions and thus to rigid matrices [38]. Two main types of polyols can be used for
polyurethane formulation: polyethers and polyesters (Figure 5).

Polyether polyols account for 80–90% of the polyols used in the PUR foam market
due to their thermal stability, high compressive strength, and the possibility of degradation
by hydrolysis of their C-O-C bond (Figure 5d). Their low viscosity and low cost are also
advantageous during processing. In addition, their high solubility in many solvents makes
it possible to use high-viscosity polyols [29].

Polyesters account for most of the other polyols, acting as aromatic molecules for
rigid foams, and aliphatic constituents for other types of polyurethane products [56,57]
(Figure 5e), such as polyurethanes alone. Their susceptibility to degradation by hydrolysis
and heat has been a huge obstacle in the past, but new environmental and recycling
requirements make them ideal new candidates for foam production. Also worth mentioning
is the incorporation of halogenated and phosphorated polyols or antimony oxides in
polymer chains with flame-retardant properties [29].

3. Additives

The reactions of isocyanates with compounds rich in -OH or -NH groups do not
necessarily require a chemical catalyst. However, a catalyst is frequently used when it is
desirable to control certain foaming properties (curing, expansion kinetics, etc.), to boost
less reactive reactions, or to retard the reaction for specific applications (such as spraying).
As an example, the formation of isocyanurates requires a synergistic catalyst composed of
a tertiary amine and a metal catalyst [29]. In fact, the two main categories of catalysts used
in PUR foaming are: (i) tertiary amines to control the foaming parameters (triethylamine,
diazabicycloundecene, etc.); and (ii) metal salts to adjust the reaction kinetics [58]. These
can be combined to make the transformation protocol as precise as possible, thus obtaining
the optimal desired properties. Other catalysts can also be incorporated, such as buffered
amines, or acids like hydrogen chloride, to promote and control reactions to specific
products (polyurethane, polyurea, polyisocyanurate, etc.) [58–61].

On the other hand, foaming agents are also frequently used. The addition of these
chemicals to the reaction mixture allows the production of gases that cause the expansion of
the polymer matrix. They act by increasing the quantity and pressure of the gas produced.
Foaming can occur either by chemical expansion, due to the formation of internal gases,
such as the generation of CO2 during the reaction between isocyanates and water, or by
physical expansion, due to the phase change of a liquid with a low boiling point present in
the mixture. Exothermic reactions, or heat input, vaporize the liquid, which is the foaming
agent, to generate gas. The most popular foaming agents for rigid polyurethanes include
n-pentane and hydrofluorocarbons [62].

Other additives commonly used in PUR formulations include surfactants, which are
added to control cell size and degree of opening, flame retardants, and crosslinking agents.
In addition, specific applications require the addition of UV stabilizers, dyes, pigments,
preservatives, fillers such as fibers to increase matrix strength and dimensional stability, etc.

• Surfactants are generally copolymers chosen to modify the surface tension of the
reactive mixture to achieve specific properties, e.g., to help solubilize or disperse a
compound, increase the wetting of the mixture in the mold, plasticize the polymer,
facilitate the nucleation of gas bubbles, increase the porosity, etc. [63]. To achieve
this last objective, a surfactant is commonly added to polymer precursors in order
to control the cell size and the type of porosity. Indeed, depending on the properties
of the surfactant, the polymer film at the edge of the gas bubbles will be more or
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less resistant to the gas pressure generated by the bubbles, and will ensure a given
dispersion of the latter. The gas bubbles trapped in the polymer mixture grow and
create the cells of the matrix. As the material and gas expand, the cell wall becomes
thinner and must resist the internal pressure. The ideal surfactant must provide the
polymer with enough elasticity to resist deformation during expansion and harden
when crosslinking, and likewise during cooling to prevent shrinkage [29]. Therefore,
the use of surfactants and the amount added have an impact on the structural, thermal,
and mechanical properties of the developed foams [52].

• Flame retardants are chemical reagents added to reduce the thermal degradation and
flammability of PUR. Strict regulation with respect to furniture, transportation and
construction have spurred research into flame-retardant components, as PUR foams
burn easily and can spread incandescent materials. Fire-resistant components work by
slowing combustion, incorporating halogens that react with the radicals responsible
for increased combustion, and phosphorus that helps to form a carbon barrier and
reduce the production of flammable gases. The fire behavior of PURs is the subject of
many studies [33,50,64–69], including the incorporation of other types of resin in the
formulation, such as urea–formaldehyde [70].

• Crosslinking agents and curing agents are chemical compounds that can react with
the linear chain of the polymer and link several of its branches. These bonds stiffen
the main chain and establish the polymer network with other precursors and addi-
tives. Various less common crosslinking reactions may be involved in PUR chemistry,
occurring in the final stage of its formation. High temperatures are usually reached
in the reactor as a result of the exothermic reactions of urethane formation and CO2
generation. These elevated temperatures promote the reaction of isocyanates with
other urethane and urea units in the chain or with themselves, forming dimers or
trimers. These branches stiffen the matrix and improve the mechanical properties of
conventional PUR resins. In addition, PUR foams can be reinforced by adding fibers
or other fillers to improve compressive strength [71].

4. Properties and Applications

PUR foams have been used in many technical applications, such as in pressure sen-
sors and bacterial scaffolds, and for oil/water separation [72,73], as well as in insulating
materials for buildings, heaters, refrigeration systems, automotive parts, structural compo-
nents, etc. [29,74,75] (Figure 4b). The diversity of formulations allows a very wide range
of mechanical, thermal, water absorption, and fire resistance properties to be obtained.
For example, an increase in the amount of surfactant affects polymerization kinetics by
increasing the creaming and/or gelling time, which also affects the structural properties by
decreasing the density and cell size. These changes have a direct impact on the mechanical
properties, resulting in increased compressive strength, and thermal properties, resulting
in decreased thermal conductivity [76].

The measured properties and potential applications depend mainly on the formulation
and manufacturing conditions (reagent content, additives, water content, temperature,
etc.) [76–82]. For example, rigid foams have a low density (30–58 kg·m−3) [83] and a high con-
tent of closed cells, which gives them a low thermal conductivity (0.0267–0.034 W m−1·K−1) [84].
These properties make them good candidates for exterior insulation, heat retention, and,
ultimately, energy savings [85]. In addition, polyurethane padding panels based on open-
celled foams also offer good acoustic insulation [86] and shock absorption properties [29].
To comply with building regulations, acceptable flame resistance must be guaranteed;
therefore, flame retardants can be incorporated to achieve better combustion behavior.
Improvements in fire resistance properties have also been achieved using chemical modifi-
cations of the polyurethane network, such as via the introduction of urea, isocyanurate, or
carbodiimide bonds into the polyurethane chains [87]. Moreover, their cellular organization
provides a lightweight and rigid polymeric structure that can also be used for seat frames,
vehicle and engine interior components, and decorative structures [88]. Some PUR foams
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are also ideal for water filtration systems, as they possess a hydrophilic character and an
open structure capable of absorbing water [73,89].

Polyureas

Polyurea foams (PUAs) have been developed as a less expensive alternative to PUR
and polyisocyanurate (PIR) foams. PUAs are cellular materials consisting of a polymeric
structure composed of urea units and incorporating optional units of urethanes, isocya-
nurates, amides, imides, and carbonates [90]. They exist as flexible, semi-flexible and
rigid foams, depending on the nature of the cell wall material. PUAs are sprayed or ap-
plied in blocks for building insulation or molded into specific and complex shapes in car
interiors [91].

PUA foams can also be based on isocyanate chemistry to produce the polymer matrix
(Figure 6). Polyureas generally consist of MDI [92–94] or pMDI [95,96], which, when coming
into contact with water, first produce amines, and then polyureas (see Figure 6). Therefore,
to maximize the amount of urea formed by the reaction with isocyanates, some studies
incorporate amines directly into the polymer blend, such as aniline [97] or oligomeric
diamines [98].

Figure 6. Reaction scheme for the formation of polyurea by contact with water or by direct combina-
tion with amines.

More specifically, the polymerization of urea follows a two-component process through
two consecutive reactions. The first is the foaming reaction, which leads to the generation
of an unstable carbamic acid that rapidly converts to amine and CO2. There has been
some research taking advantage of the addition of metal salts such as copper or zinc
salts to increase gas generation, thus maximizing expansion [99]. The second step is the
polymerization of urea units catalyzed by tertiary amines. Both routes of PUA formation
have been described as producing new materials. Water-based formulations have been
developed for semi-rigid or rigid building insulation boards and sprayed insulation devices.
This is less expensive, because it involves the use of water, which also produces gas for
foaming without introducing a foaming agent. However, some foams can be expanded
with a fluorocarbon foaming agent [95].

PUA foams have a very low density (~8 kg·m−3) and good insulating properties, even
though their thermal conductivity is higher than that of PUR foams (0.050 W m−1·K−1) [93].
As with PUR, some formulations incorporate additives that can also be added to the
polymer blend to achieve the desired properties, such as fibrous fillers, which stiffen the
polymer network and compensate for poor compression characteristics [94]. There are also
surfactants, plasticizers and stabilizers, which provide a specific cell structure in the form
of open or closed cells, fine or coarse, or fire retardants added to the mixture to ensure fire
resistance and adequate smoke emission.

Polyisocyanurates

Polyisocyanurate, or PIR, foams are formed by a cyclotrimerization reaction, in which
three molecules react together in a ring configuration (Figure 7). PIR foams are obtained by
reacting high-index isocyanates, where an index is defined as the ratio of the equivalent
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amount of isocyanate used to the theoretical equivalent amount, multiplied by 100, and in
large proportion in a PUR formulation [38,100]. Therefore, PIR foams form a heterogeneous
polymer containing an isocyanurate ring linked to polyols through urethane and urea
linkages. The foaming agents used for polyurethane chemistry can be applied in the same
way to the formulation of PIR foams [101,102]. In addition, four types of catalyst can
be used individually or as mixtures: tertiary amines, quaternary ammonium salts, metal
salts and potassium-based fatty acids. Other components can be incorporated into PIR
formulations, such as surfactants, flame retardants, and fillers.

Figure 7. (a) Reaction diagram for obtaining isocyanurate from isocyanate and then formulating PIR
by adding polyols; (b) pipe insulation and insulation panels for covering walls, ceilings, roofs, etc., as
examples of PIR foam applications.

PIR foams have been designed that retain the advantages of PUR foams while im-
proving their thermal behavior and fire resistance [29]. As a result, PIR foams can be used
for construction, thermal insulation, and heating systems, either in panel form or directly
foamed on site, [32,103]. Although their fire performance is superior to that of PUR, PIR
foams are dangerous when burned, because they are able to release hydrogen cyanide, a
compound that prevents the cells from using oxygen [104]. The rigidity and strength of
this lightweight material also make it attractive for use in the automotive industry [74,101].

2.1.2. Phenolic-Based Formulations

Polyphenolic foams or phenol–formaldehyde (PF) foams refer to a family of foams
resulting from the polymerization of phenolic monomers with aldehydes, in particular
formaldehyde (Figure 8a) [105,106]. The process can be described in two simultaneous
steps: the crosslinking reaction of phenolic compounds and aldehydes; and the foaming of
the polymer mixture.

The polycondensation reaction takes place between phenolic compounds and alde-
hydes. To activate the crosslinking mechanisms, a minimum temperature of 70 ◦C [107] is
typically required, which is achieved either by secondary exothermic reactions, as in the
example of tannin–furanic foams, or by external heat input. The thermal conditions applied
for each formulation are variable, and depend on the proportion of reactants, catalysts and
surfactants used. Some formulation protocols require premixing before being placed in an
oven at a temperature between 50 and 140 ◦C [108–111], while others subject the material
to high temperatures only after expansion for curing [112], which gives the foams different
properties.
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Figure 8. (a) General reaction of PF chemistry, showing an example of phenolic precursor, aldehyde
crosslinker, and the resulting polymer; (b) examples of tubular insulation and panels made of PF
foam.

Phenols are aromatic compounds with a hydroxyl function bonded to the ring and
have three reactive sites (one in the para position and two in the ortho positions). As a
result, phenols can share three bonds with aldehyde molecules [105], resulting in dense
crosslinking, producing the characteristic hardness of these rigid foams. Other phenolic
derivatives in which one or more sites have been substituted can also be used for the
development of PF foams. Some examples are given below (Figure 9a). These are mainly
petrochemical derivatives that can also be found in tars and mineral oils from coal or
charcoal [109,113].

Figure 9. (a) Phenol and derived phenolic compounds used in PF foams (based on [113]); (b) reaction
scheme for the formation of hydroxymethyl phenols (adapted from [113]).
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The other main reagent of PF foam production is formaldehyde, which is the simplest
of the aldehydes. Due to its low price and wide availability, its use is suitable for large
industrial volumes. However, other types of aldehydes can be considered to optimize
specific properties. Thus, the use of glyoxal, paraformaldehyde, acetaldehyde, or furfural
has been reported in the literature [109,113]. Hexamethylenetetramine can also be used for
its ability to decompose by the thermal conditions imposed, providing, on the one hand,
aldehydes for the PF reaction, and on the other hand, amino constituents that can catalyze
it [109].

After mixing, formaldehyde reacts by binding to the C2, C4 or C6 sites of the phenol
ring, forming a hydroxymethylphenol. This compound can then polymerize via an ether
bond or a methylene bridge, formed by a subsequent reaction with another previously
reacted hydroxymethylphenol or a simple phenol, respectively, leading in both cases to the
subsequent release of water (Figure 9b). The latter configuration produces bisphenol F, a
precursor of polycarbonate plastics. Compared to foams made from other precursors, these
generally exhibit less brittleness and fragility, which is the main weakness of PF foams [106].
Therefore, many studies have attempted to improve the mechanical properties of PF foams
by adding epoxy resins (EP) or bioresources to the formulation [106,108,110,112]. Another
disadvantage that is worth mentioning is that PF foams release acidic vapors over time,
which corrode nearby metals, limiting their applications [114]. The phenol–formaldehyde
reaction requires the use of an acidic or basic catalyst, characterizing the reaction pathways
known as the Novolac and Resole pathways, respectively. Metal salts can also be used to
catalyze these two types of reaction [113].

The Novolac route follows a two-step process. In the first step, excess phenol or cresol
is mixed with an acid, which acts as a catalyst. Common examples include sulfuric acid,
oxalic acid, hydrochloric acid, sulfonic acid, and p-toluenesulfonic acid [111,115,116]. In a
second step, the formed Novolac prepolymer can be molded in the presence of formalde-
hyde at temperatures between 70 and 140 ◦C. It behaves like a thermoplastic resin that cures
slowly, and therefore requires the addition of a hardener to fix the geometry and obtain
a thermoset network. This process favors the formation of methylene bonds, although
ether groups can also be formed [113] (Figure 9b). Instead, the Resole route is a one-step
reaction process, where excess formaldehyde and phenols react in an alkaline synthesis
medium (pH around 10). The process begins by mixing phenol and formaldehyde (with
the usual formaldehyde/phenol molar ratio being higher than 1:1) with water at room tem-
perature. The hydroxymethylphenol-rich mixture deforms and hardens, with or without a
crosslinking agent, after being placed in an oven at the appropriate temperature [113].

PF foams are obtained by means of physical expansion, i.e., by adding a component
that is vaporized during the change of state and becomes gaseous. The list of possible
compounds includes diisopropyl ether [117], methyl formate [118], diglycidyl ether [108],
pentane [111,116], CFC-113 [107], water [107], etc. Other formulations have been inves-
tigated by introducing a compound that degrades upon heating and is released into the
matrix, producing a gas that drives expansion [109,110,112]. Finally, the use of microwaves
has also been considered [119,120].

PF foams are mainly used as insulators in refrigeration and heating installations or
in buildings (Figure 8b). Indeed, they possess good thermal conductivity, with values
between 0.029 and 0.060 W·m−1·K−1 for densities between 60 and 130 kg·m−3, values
slightly higher than those measured for PUR foams [116,117,119–121]. Rickle and Denslow
also showed the effect of the presence of water in the formulation on the final conductivity,
where decreasing amounts of water resulted in a decrease in conductivity [122]. In addition,
PF foams have excellent fire resistance [100,108], making them good candidates for use
in building insulation. This performance can be further improved by adding phosphate
compounds to the formulation [111]. Nevertheless, PFs have been reported to be brittle
materials, and need to be strengthened in order to improve their mechanical properties.
Several studies have attempted to improve their mechanical performance by adding differ-
ent fillers, such as fibers [106,116,121,123–125], or by chemical modification. In addition,
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the chemical similarity of epoxy (EP) to that of PF foams allows the ease of reaction and
good mechanical properties of both systems to be combined. Thus, Auad et al. obtained
a compressive strength between 620 and 2870 kPa, depending on the PF:EP ratio under
consideration, in parallel with good expansion [108], while the literature reports values
around 138 and 620 kPa [107]. Yang et al. also obtained foams with higher tensile strength
and elongation at break by modification with epoxy resins of a mainly PUR backbone [126].
Other authors, on the other hand, focused their work on more environmentally friendly
modifications. For example, De Carvalho et al. [105] achieved improved mechanical prop-
erties by combining synthetic phenols and lignin-derived phenols, while compromising
the characteristic lightness of polymeric foams. In more recent studies, improvements to
the properties of PFs have also been reported through the addition of microcrystalline
cellulose, clays, graphene, nano-silica or (nano)-lignin [106,127]. Following this strategy,
some alternatives to petroleum-based reagents for foam manufacturing are examined in
the next section.

2.1.3. Alternatives Incorporating Bio-Based Reagents

To introduce bio-based materials, much work has been performed on replacing
petroleum-based reagents. Thus, a wide range of biosourced PUR foams have been devel-
oped, which are known in the literature as bio polyurethanes (bPUR). A first route is to
add vegetable oils as alternative polyols, while the use of lignin-derived compounds is
also very common. Examples include coconut oil, castor oil, linseed oil, palm oil, soybean
oil, sunflower oil, evening primrose oil, and polyols derived from lignin [63,83,86,128–139].
There are also fillers and fibers of plant origin such as lignin particles [89]. Studies have
also been conducted on other materials in the PUR family using alternatives to bio-based
polyols. In addition, new materials are emerging through the removal of isocyanates, the
mainstay of PUR chemistry, from PUR foams. Thus, isocyanate-free PURs can be developed
by reacting polyols with cyclic and bicyclic diamines and carbonates [140–144].

Phenolic compound chemistry has also considered renewable sources of phenols. The
first method was to synthesize phenolic molecules from bio-based materials. Lignin is a
natural three-dimensional polymer that constitutes and provides rigidity and impermeabil-
ity to the cell wall of plants, of which it is also one of the most abundant components. It is
always composed of a combination of the following units: p-hydroxyphenyl, called unit
H, derived from coumaryl alcohol; guaiacyl, called unit G, derived from coniferyl alcohol;
and syringyl, called unit S, derived from sinapyl alcohol [145] (Figure 10a). Nevertheless,
many other phenolic and non-phenolic units are frequently present [146,147]. These three
monolignols are derived from phenol, and have been studied to obtain bio-based alterna-
tives to these molecules. Despite the spatial configuration of lignin and the loss of reactivity
of the phenolic groups thus extracted, this process has been considered for the chemical
valorization of the by-products of the wood and paper industries [107,148]. However, the
structure of lignin is complex and difficult to describe as a whole. Its properties depend on
the extraction methods used, which partially degrade it. Nevertheless, the model proposed
by Adler provides a first approximation of this molecule [149] (Figure 10b). The processes
employed in the paper industry and biorefineries aim to separate the carbohydrate com-
ponents from the lignin, and to valorize this waste, which is very often burned for heat
production. However, the most recent research has tended towards finding alternative uses
for lignin [147,150–152]. Indeed, lignin seems to be promising as a precursor for foams
with good thermal properties, low density, and sufficient mechanical strength, and for this
reason, there are a number of studies in which phenol is completely replaced by lignin,
leading to lignin–formaldehyde foams [153,154]. Lignin has also been considered as a
source of phenol and polyol, usually by means of chemical modifications, and can thus be
incorporated in PUR or PF blends [155,156].
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Figure 10. (a) Lignin monolignols; (b) representation of lignin proposed by Adler (based on [149]).
Reprinted from Dobado et al. [149], with permission from Wiley.

Among other plant-based alternatives to phenol in PF foams, cardanol has interesting
properties, since it is involved in crosslinking with aldehydes. In addition, when it contains
phosphorus, it improves fire resistance [157,158]. Finally, tannins, another phenolic extract
from plants, are an important area of research as substitutes for PF foams and resins, and
are discussed in detail in Section 3.

2.2. Foams from Cradle to Grave

The quality of a final foam depends on its thermal, rheological, mechanical, and
other properties, which are based on the selection of the precursor, crosslinker and other
components. Nonetheless, the selection of an appropriate gas, foaming method and
processing method is also necessary to obtain a satisfactory final material. Although very
different chemical mechanisms exist, the generation of cellular foams follows the same
general steps: mixing of components, processing, expansion, curing, and commissioning of
the material before its end of life, as explained in the following sections with reference only
to thermoset foams.

Foaming Pathways of Thermoset Foams

The cellular structure of such polymeric foams is achieved by a gaseous component
whose internal pressure is the driving force for expansion. This gas component, as men-
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tioned earlier, is called the foaming (or blowing) agent, and it depends on the foaming
mechanism. In the literature, three types of expansion are generally possible for rigid
thermoset foams: chemical expansion using a chemical blowing agent (CBA); physical
expansion using a physical blowing agent (PBA); and mechanical expansion (mechanically
blown foam, MBF).

Physical Foaming

The physical blowing process aims to create gaseous cavities within the polymer by
a physical process, hence the name. For example, it can be achieved by introducing a
low-boiling liquid PBA into the mixture, which changes phase to become gaseous when
the mixture is heated by exothermic reaction or by external input. In contrast, some specific
production processes inject the liquid into the mixing head and cause vaporization by
depressurizing the liquid at the nozzle [159]. In both cases, the matrix polymerizes and
hardens during or shortly after the phase change to trap the gas and stabilize the cell
structure.

A promising family was studied and used during the second half of the 20th century:
fluorocarbon compounds such as those of the Freon family. They can be distinguished
into four subcategories: chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs),
hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs). The best-known and most
widely used fluorocarbon is CFC-11 [160]. Fluorocarbons are carbon chains fully or partially
substituted with fluorine and chlorine atoms, and can be handled in liquid form at room
temperature. Their low boiling point is often between 20 and 40 ◦C. This type of blowing
agent improves the final properties of foams, providing increased mechanical properties
and a closed-cell structure. In addition, they have remarkable thermal properties, with
a very low value of thermal conductivity, λ [32]. In addition, they have excellent non-
corrosive and non-flammable properties. For these reasons, they quickly became the most
suitable PBAs for foams in building insulation and refrigeration systems. However, the
commercialization of these components was compromised in the late 1980s by the discovery
of their involvement in environmental problems. Studies have indeed shown that CFCs and
their relatives are responsible for ozone depletion in the stratosphere [161] and contribute
to greenhouse effects. As a result, global regulation was adopted by the Montreal Protocol
in 1987 [162]. Industries gradually replaced CFCs in their products, until their final ban
in 1995, with HCFCs and HFCs, which are less aggressive than CFCs. However, this is
a temporary solution, because HCFCs also contribute to the destruction of atmospheric
ozone and have a significant global warming impact. Their gradual withdrawal from the
market was planned to take place between 1996 and 2030 for developed countries, and
2040 for the rest of the world in the 1992 Copenhagen amendment [163]. The prerogatives
of the Montreal Protocol were extended to also include a ban on HFC gases by 2050 by the
Kyoto Protocol (COP03) in 1999 [164] and the Kigali agreement of 2016 [165].

Today, PBAs are less frequently used, due to the progressive withdrawal of fluorocar-
bons from the market. HFCs and PFCs, albeit to a lesser extent because of their chemical
incompatibility with polyurethanes, are still used for specific industrial applications. How-
ever, companies are looking for alternatives, because these PBAs are more expensive and
less efficient than CFCs. Non-fluorinated PBAs have been investigated in the form of hy-
drocarbon ethers. For example, some research has been conducted with diethyl ether (DE)
in a natural PF formulation [9,166,167]. In addition, the use of alkanes such as n-pentane,
which has no ozone-depletion potential, and has supplanted fluorinated hydrocarbons in
PUR and PF insulating foams, despite its flammability, can also be mentioned [159,168,169].
Its application process and gas content are highly regulated for building insulation. In
addition, the spray-applied thickness must be greater to compensate for the difference in
thermal properties between alkanes and CFCs. Therefore, research has been conducted on
alkanes as PBAs for PUR foam applications to explore new options that meet new economic
requirements. Therefore, they must have a low boiling point and be environmentally
friendly, non-flammable and cheap. Al-Moameri et al. investigated the cell morphology of
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PUR foams produced with n-pentane, cyclopentane, isopentane, n-hexane, cyclohexane,
a mixture of n-pentane and methylene chloride, and methyl formate in order to estimate
the mass transfer coefficients and cell size for each of the considered PBAs by numerical
simulation [168,170]. The introduction of CO2 as an inexpensive and safe blowing agent
has also been investigated recently, with the possibility of creating microcellular epoxy
foams with cell densities of about 100 cells/cm3 [171]. However, corrugation and surface
defects have often been reported due to the use of CO2, which is why Breuer et al. tested
mixtures of CO2 and organic solvents such as acetone, ethyl acetate or ethanol [172].

Finally, the example of physical foaming using microwaves to allow the expansion
of phenolic foams can be cited [119,120,173]. The reagents are mixed mechanically to
ensure good homogenization and the incorporation of a large fraction of air in the reactive
preparation. The latter is subjected to microwave heating between 150 and 250 ◦C, allowing
a more uniform heating of the different constituents than by conduction. However, with
this method, foam deformations on the order of 5 to 10 times the initial volume have been
obtained. The latest possibilities and main drawbacks of this technique, including the
formulation of high-density foams, have been reported elsewhere [174].

Chemical Foaming

The use of a CBA is the first foaming method historically used in the early days
of PUR foam research. This technique involves the production of gas as a by-product
of the polymerization reaction or as a side reaction. The most notable example is the
production of CO2 in PUR foams [32,85]. Water can be introduced into the formulation by
the incorporation of free water, or simply by the natural presence of moisture. As shown
previously, isocyanates readily react with water to form a carbamic acid (Figure 11). The
unstable nature of this component causes it to react instantaneously to produce urea and
carbon dioxide. Primarily used for the production of flexible PUR foams, it is also an
important means of creating rigid PUR or tannin-based foams [175]. This reaction has
been known since the beginning of PUR chemistry. However, investigations into this
pathway were slowed down in the 1950s because it was considered to inhibit the main
polymerization reaction that produces the PUR chain. Controlling the moisture content of
the mixture then became a key parameter in the PUR foam manufacturing process. On the
other hand, at the same time, fluorinated PBAs were booming and were used extensively.
Nevertheless, their ban prompted companies to reconsider the use of chemical foaming.

Figure 11. Chemical foaming reaction between isocyanates and water in polyurethane chemistry.

Nevertheless, there are also several drawbacks to the reaction of isocyanates with
water to produce CO2 as CBA, since it requires a larger amount of this component. This
is because two units of isocyanate are needed to produce one unit of urea, instead of
one single isocyanate producing a unit of urethane. This increases the demand for TDI,
and has had a significant impact on the cost of recent products. In addition, the thermal
properties of CO2 are inferior to those of CFCs, as similar insulating performance would
be achieved by increasing the thickness (twice that required with CFCs), which would be
achieved with a greater number of reactants [32]. Through chemical foaming, hardening
takes place at the same time as the release of the CBA. It stiffens the cell structure during
expansion, and it must be controlled to optimize expansion and avoid collapse. The
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materials produced by this route are therefore slightly different from those physically
expanded. They are also generally harder: the heat produced by both reactions without
induction of phase change promotes polymerization and hardening, and the cells are
generally smaller. These variations affect the structure and properties of the material, and
determine the manufacturing process to obtain the desired foam.

Mechanical Foaming

A third foaming mechanism has recently been investigated for the removal of haz-
ardous, expensive, and environmentally damaging chemicals from reagent mixtures. In
this case, the foaming agent is air, incorporated by mechanical agitation, and trapped in
the monomeric solution. Two techniques have been presented for producing MBFs: stiff
liquid foam resembling beaten egg whites, for which air is incorporated by whipping with
a propeller [176,177]; and foams produced by injecting air into a pressurized nozzle contain-
ing the reactive liquid [178]. To optimize the properties of foams, studies have presented
ways of combining the effects of two foaming agents. Many examples can be found in the
literature on polymer foams blown by a chemical agent and a PBA [168,179,180], as well as
studies combining the latter mechanical techniques with chemical routes [176].

2.3. End of Life and Recycling

The polymer foam market was estimated to be worth USD 83.9 billion (25.3 million
tons produced) in 2019 for all resins, and is expected to reach USD 134 billion by 2027 [181].
Thus, given this production in recent years, the volume of polymers reaching end of life
represents a large amount of waste requiring disposal [182–186]. Such wastes can be sent
to traditional generic treatment methods such as incineration or landfill. However, these
methods raise environmental concerns regarding groundwater pollution, soil pollution,
and greenhouse gas production. The increasing use of polymeric materials brings this issue
to the forefront of environmental struggles [187–189]. Therefore, alternative methods for
managing the end of life of these materials have been studied; in particular, special attention
has been paid to the biodegradation mechanism in order to optimize this step, or to the
removal of the polymer matrix during recycling for second life applications (Figure 12).

Figure 12. Life cycle of rigid cellular materials.

2.3.1. Incineration and Landfill

The two main waste management methods used around the world are incineration
and landfill. The incineration process involves the complete oxidation of waste by com-
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bustion [85]. The heat produced can be used to contribute to the heating of buildings or to
transform this energy into electricity. This combustion also produces ash containing inor-
ganic and metallic elements, smoke, and fine particles. The fumes released by incineration
are mainly composed of CO2, H2O, NOx, SOx, N2, O2, HCl, HF, etc., and fine particles,
rich in heavy metals, dioxins and furans. Regulations have been imposed requiring these
fumes to be filtered before rejecting them into the atmosphere by trapping the particles and
dangerous gases. Thus, while this method emits non-recoverable greenhouse gases, which
is an obvious drawback, it also produces energy and ash, which can be used as filler in
cement, concrete, or asphalt.

Burying waste in landfills is another common method that allows the natural mech-
anisms of material degradation and decomposition to occur. Microorganisms, bacteria,
and enzymes break down polymer chains into smaller molecules that can leach into the
soil and water. Most studies on foam degradation have focused on PUR foams [190]. The
decomposition of PUR has been studied in order to track the stages of polymer degrada-
tion [191]. This study showed that polyester-based PUR was more susceptible to being
attacked by aerobic microorganisms compared to polyether-based PUR, due to the more
decomposition-resistant chemical structure of polyether. However, PUR resists biodegrada-
tion in anaerobic environments and under low-temperature and -humidity conditions [192].
In addition, the stability is highly dependent on the polymer structure and the degree
of crosslinking of the network [193]. However, the depolymerization steps are similar
between the two types: free isocyanates still trapped in the polymer network are attacked
first. Then, the urea and amide bonds are targeted before the degradation of the urethane
groups takes place. Finally, the isocyanuric acid rings are the most resistant to microbial
activity [194]. Although this is a natural process, possible soil pollution and infiltration
into groundwater have led some countries to ban this method. In addition, it wastes land
resources for agriculture. It is also worth mentioning that PUR foams degrade faster than
other PUR formulations due to their high porosity, which makes them more accessible to
potential degradation agents [195]. Further information can be found elsewhere [196,197].

2.3.2. Recycling and Reuse

The previous methods have limited efficiency for waste recovery. Long-term methods
are based on physical and chemical recycling, and were compared by Yang et al. [185].
Physical recycling involves treating materials by mechanical or thermal processes. Chem-
ical recycling is the most efficient recycling pathway, but the technology is complex to
implement on an industrial scale. Nevertheless, some studies have attempted to obtain
compounds by chemical treatment of polyurethanes in order to valorize them for other
polymer formulations.

• Physical recycling is based on thermal or mechanical treatments to cause the polymer
matrix to break down into smaller segments such as fillers, powders, etc. These
solid particles can then be used with a resin to produce composites or to reinforce
polymers or other materials such as concrete [198,199]. Gaseous compounds from the
thermal recycling of PUR and PIR have also been studied as potential compounds for
high value-added uses [200]. They can also be more easily used for further chemical
processing, such as hydrolysis, acidolysis or glycolysis [201].

• Chemical recycling is based on the transformation, through chemical reactions, of
polymers to produce smaller molecules that can be used for appropriate reactions.
Most studies have focused on PUR polymers, one of the main polymers on the market,
and are detailed in the literature [185,202–209]. This kind of recovery protocol would
be the most comprehensive, giving a second life to polymer waste. However, some
steps are complex, requiring a lot of energy, purification, and processing in order to be
incorporated into new polymeric structures. Five main reactions have been studied:
the alcoholysis, glycolysis, hydrolysis, amine, and phosphate methods [28].
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• Alcoholysis consists of the depolymerization of PUR by combining it with a short-
chain alcohol and a catalyst to obtain a new polyol, aromatic molecules and amines.
When the alcohol used is a glycol, it is called glycolysis.

• Hydrolysis instead involves treating PUR with steam and a metal hydroxide catalyst
to produce diamines, polyols, and carbon dioxide.

• The amine process uses a fatty amine to break down the polymer into polyols, aromatic
constituents, and amines.

• The phosphate ester process treats the material to produce halogenated components,
depending on the initial reactant. The resulting products can be added as flame
retardant additives to polymer blends.

Other more recent strategies, such as the catalytic hydrogenation of PUR, have
emerged thanks to new catalysts developed recently [210], and acidic processes have
also been evaluated [211]. PUR is a very heterogeneous polymer with a variety of formula-
tions, chemical structures, and polymeric structures. Therefore, finding a single route for
chemical recovery is extremely complex. Studies on landfill biodegradation have led to the
idea of reusing polymers and applying this process in a controlled industrial environment
to recover depolymerized chemicals [201]. They focus on biodegradation by genetic and
biochemical pathways. The molecules resulting from these depolymerization processes can
then be reused as polyols in the formulation of new materials with similar performance to
foams produced from virgin compounds [209,212]. The interest in reusing PUR is such that
studies comparing reference PUR foams with recycled PUR foams have been carried out,
showing minimal changes in mechanical properties [213]. Elastomeric materials based on
PUR and ethylene vinyl acetate foams with compositions ranging from 0 to 100% recycled
resources have also been evaluated, with 100% recycled formulations exhibiting properties
suitable for shoe soles [214]. PUR coatings based on acid-treated PUR waste foams have
also been produced, with excellent hydrophobic and mechanical properties [211].

3. Tannin–Furanic Foams (TFFs)

Tannin–furanic foams are bio-based formulations in which the initial mixture reacts,
self-organizing into a three-dimensional network of polymer chains via crosslinking. The
final foam has its final rigid form following a curing step that completes the polymerization.

3.1. Formulations

Environmental concerns have led to the search for alternatives to current sources of
energy and raw materials. Thus, many studies are trying to develop new polymers based
on biosourced materials. The result is the substitution of current non-renewable reagents
of existing materials with more environmentally friendly solutions. Various methods
of upgrade have emerged to create a wide range of bio-based substitutes [215]. Some
improvements have contributed to the creation of new resins, such as tannin–furanic foams.
In the 1980s, bio-based alternatives to traditional wood adhesives were presented [216], and
these have continued to be studied to the present day [55,150,217]. The polycondensation
reaction has been adapted for the design of tannin-based resins and foams that have
properties similar to those of products produced from non-renewable resources [167].
While the main research on rigid adhesives and foams is reviewed in the next section,
flexible foams and elastomers also open new horizons for the generation of phenol-based
polymers [180] and other bio-based structures [152,218,219]. The manufacturing process
for tannin-based foams follows the following general formulation: wood tannins, furfuryl
alcohol, formaldehyde, catalyst, and foaming agent [167,220].

3.1.1. Tannins

Tannins are phenolic compounds found in different plant tissues such as leaves, fruits,
and shells, and especially in the wood and bark of trees [221]. They are involved in the
defense mechanisms of plants against parasitic organisms such as insects, fungi, and bacte-
ria [222]. Tannins can be classified into three types of molecules: hydrolyzable, complex,
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and condensed [223]. The first category refers to a huge proportion of molecules in plants
and corresponds to simple phenolic compounds such as gallotannins, gallic and digallic
acids, and ellagitannins based on ellagic acid. Tannins from chestnut (Castanea sativa) and
tara (Caesalpinia tinctoria) are among them, and are used in the production of leather goods.
However, their low reactivity limits the development of green products based on these
molecules. Nevertheless, some studies have attempted to incorporate them as a replace-
ment for phenolic constituents in PF resins or isocyanates in PUR resins [142,224,225].

Condensed tannins are the most studied tannins because they can be recovered from
many different trees, including mimosa (Acacia mearnsii) (Figure 13a), spruce (Picea abies),
pine (Pinus radiata and Pinus pinaster), quebracho (Schinopsis balansae and Schinopsi lorentzii),
and larch (Larix gmelinii) [166,226–229]. Condensed tannins are primarily extracted from
barks (Figure 13a) and heartwood, which is achieved by first grinding the original material
and then extracting them with solvents, usually hot water with sulfites. The final liquid is
filtered and spray dried to concentrate the tannins into a fine brown powder (Figure 13a).
Low manufacturing costs, wide availability, and ease of management have enabled the
use of these resources in the development of new materials capable of competing with
synthetic foams [230].

Figure 13. (a) Mimosa tree (Acacia mearnsii), mimosa wood after debarking, and tannin powder;
(b) general structure of flavonoids followed by the main four types of flavonoids (based on [231]).
Reproduced from Ref. [231] with permission from the Royal Society of Chemistry.
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Condensed tannins are polyflavonoid compounds consisting of 3 to 10 flavonoid units,
usually derived from flavan-3-ol and/or flavan-3,4-diol. Each unit is characterized by
the combination of an A-ring (resorcinol or phloroglucinol type) and a B-ring (catechol
or pyrogallol), as illustrated in Figure 13b. These combinations lead to four main cate-
gories of polyflavonoids: procyanidin, prodelphinidin, prorobinetinidin and profisetidin
(Figure 13b). Among the most widely used species, mimosa tannins consist of prorobi-
netinidin units linked together by C4-C6 bonds. Quebracho tannins, on the other hand,
result from profisetidin units linked by C4-C6 bonds. Pine tannins are mainly composed of
procyanidin units, branched by C4-C8 bonds [232]. Finally, complex tannins are molecules
resulting from the bonding of hydrolyzable tannins (ellagitannins) and flavonoid units
(flavan-3-ol) [223].

The good reactivity of condensed tannins is a result of their structure, which is charac-
terized by two aromatic rings and nucleophilic OH sites of interest. Previous research has
mainly been focused on ring A, which is the most reactive and resorcinol-like, in the case of
mimosa tannins, which do indeed resemble the resorcinol used in adhesives. Therefore, the
chemistry of these new materials is based on well-known reaction mechanisms. The main
reactive mechanism relies on the use of aldehydes to form a polymer under appropriate pH
conditions or through catalysts. Under acidic or basic conditions, tannins can self-condense,
thus producing more complex polymer networks [233,234]. In addition, tannins also react
with added furfuryl alcohol to produce heat for the physical blowing process. Finally, tan-
nins react with hexamine, a compound obtained from the reaction between formaldehyde
and ammonia. This component is soluble in water and can be decomposed either in acidic
medium into its precursors or in alkaline medium into formaldehyde and trimethylamine.
The tannins react with the aldehyde formed and create benzylamine bonds to extend the
polymer network [235].

3.1.2. Furfuryl Alcohol

Furfuryl alcohol (FA) can be derived from furfural, a molecule of great value in the
biofuel and green chemistry industries that is obtained by the hydrolysis of C5 sugars
contained in hemicelluloses from biomass waste [236,237] (Figure 14(a1)). FA has a good
capacity to react with tannins [238] (Figure 14(a2)) and also to self-condense [239,240]
(Figure 14(a3)). These two exothermic reactions generate a large amount of heat, triggering
the vaporization of the physical foaming agent introduced in the formulation in the case
of the physical blowing of the foam. It also participates in the formation of the polymer
network. In addition, FA can also be added to the mixture in order to form a highly reactive
intermediate with formaldehyde (Figure 14(a4)), which also extends the polymer network.

Figure 14. Cont.
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Figure 14. (a1) Chemical formula of furfuryl alcohol; (a2) products of the reaction of furfuryl
alcohol with catechin units of tannin; (a3) self-condensation reaction of furfuryl alcohol; (a4) reaction
between furfuryl alcohol and formaldehyde; (b) reaction of formaldehyde with prorobinetinidin
(adapted from [11,241]); chemical formula of (c1) diethyl ether; (c2) para-toluenesulfonic acid; (c3) and
phenolsulfonic acid.

3.1.3. Formaldehyde

Aldehydes, typically formaldehyde, are added to the mixture as curing agents for
the crosslinking reactions. The reactions that take place are similar to those that occur in
industrial PF foams between aldehydes and resorcinol. They occur between the aldehyde
and ring A, e.g., the resorcinol-type ring in the case of mimosa tannins. It should be noted
that under alkaline conditions (pH greater than 10), the reaction with the aldehyde also
affects ring B. Following its listing as a human carcinogen by the U.S. National Toxicology
Program in 2011 [242], growing concern about the release of formaldehyde has spurred
research into possible replacements. Previous work on tannin-based adhesives for wood ap-
plications presents several alternatives, considering different aldehydes [243]. For example,
formaldehyde-free tannin-based foams have also been studied in the last decade [5,173].
Despite the lower reactivity of alternatives aldehydes, this can be overcome by increasing
the amount of FA [175].

3.1.4. Diethyl Ether

Diethyl ether (DE) is used as PBA for “standard” tannin-based foam formulations
(Figure 14(c1)) due to its low boiling point (34 ◦C) and absence of reactivity with the other
components. Thus, as the temperature of the mixture increases due to the polymerization
reactions, DE vaporizes, easily causing the entire mixture to expand.

3.1.5. Para-Toluenesulfonic Acid

A variety of different catalysts can be added to facilitate the desired polymeriza-
tion reaction under the appropriate pH conditions, depending on the formulation. Two
main routes have been investigated: the use of acidic catalysts and the use of alkaline
catalysts. Most methods are based on acidic conditions, achieved by the addition of para-
toluenesulfonic acid (Figure 14(c2)) or phenolsulfonic acid (Figure 14(c3)) [227,244,245].
The reaction between tannins and formaldehyde is the easiest, but side reactions with
isocyanates to produce urethane– and urea–formaldehyde resins have also been considered.
For alkaline processes, a sodium hydroxide solution is usually added to the tannin–water–
formaldehyde mixture.

3.1.6. Additives

The spectrum of possible applications for these new materials has been broadened
through the optimization of the initial formulation and the introduction of new reagents.
These additives can be of different types, each of which can be used to improve specific
properties. The first example is the use of plasticizers to improve the elasticity of the materi-
als, which are usually rigid, by introducing glycerol [226,246]. The plasticizer promotes the
sliding of macromolecular chains relative to each other. Thus, the polymer network gains
flexibility and exhibits a more elastic behavior. Conversely, the rigidity of the foam can be
enhanced by supplementing the formulation with a filler such as hexamine [235,247], or
recent more environmentally friendly alternatives, such as biochar [248,249] or lignin [250].
The addition of isocyanates to create urethane bridges can also be carried out to serve this
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purpose [180,220,251]. In addition, a good way of combining the effects of physical and
chemical expansion in order to obtain a lighter foam is by maximizing cell formation [251].
In addition, surfactants can be included in the mixture to better control the size of the cells,
while obtaining a more homogeneous distribution.

3.2. Expansion Steps

The expansion of tannin foams follows the same sequence of steps as those presented
for other thermoset cellular polymers. Thus, the first step is to mix the polymer fraction
without catalyst (tannin, water, formaldehyde, furfuryl alcohol) using a propeller agitator
(Figure 15a), resulting in homogeneous and lump-free tannin-based mixtures. The DE
is then incorporated into the mixture using a stirrer. Finally, the catalyst is added to the
preparation under vigorous stirring; this marks the beginning of the FA polymerization and
condensation reaction (Figure 15b). The latter reaction is highly exothermic, and therefore
heats the polymer mixture, which maintains constant volume, but exceeds the boiling
point of the foaming agent. After a few seconds, the DE changes phase and is vaporized.
Then, the internal pressure and gas fraction increase, causing the matrix to expand. The
foam reaches its maximum height when the blowing agent has been completely vaporized.
Polymerization continues, and the polymer backbone sets and stiffens, forming a 3D
polymer network. The material slowly cools following the depletion of the furfuryl alcohol,
and completes its curing and drying, which can result in shrinkage in some formulations
(Figure 15c). A general overview of the compounds used in the foam formulation and a
photo of the final product are shown in Figure 15d.

Figure 15. Cont.
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Figure 15. Steps for obtaining TFF foam: (a) addition of reagents; (b) mixing and addition of PBA
and catalyst; (c) processing, expansion, and maturation of the material (with an example of time
evolution; (d) reaction scheme for formulating TFF, (e) example of TFs (left) and TFF observed using
scanning electron microscopy (×50, right, adapted from Letellier, 2015 [11]).

3.3. Physical Properties
3.3.1. Structural Properties

Figure 15e shows the partially open cell structure of a standard TFF. First, this opening
of the walls may be a result of the high pressure within the gas bubbles during expansion.
When this pressure is too high for the surface tension of the material, windows appear.
This phenomenon can also occur at a later stage, during the drying and crosslinking of the
polymer matrix, causing the thin walls to shrink, which can ultimately lead to the formation
of new windows. The preparation of these lab-made materials in the laboratory is achieved
using molds that are taller than they are wide. Expansion is therefore guided so that it only
occurs along the vertical axis, creating a slight anisotropy in terms of cell size and shape.
Nevertheless, an inherent heterogeneity in rigid tannin–furanic foams has generally been
considered, as confirmed in a recent study [252].

A wide range of densities can be covered by adapting the formulation of tannin foams.
The choice of foaming method, the proportions of reagents, the use of additives, etc.,
influence the structure of the foam with respect to cell size, wall thickness, pore opening,
and thus the density, which also has implications on the foam’s thermal and mechanical
properties. For standard proportions, as presented elsewhere [166], the density of the foam
ranges from 0.055 to 0.075 g·cm−3, while the density of the solid fraction reaches around
1.59 g·cm−3 [220,253,254]. Thus, Zhao et al. implemented TFFs of the same formulation in
molds of different diameters (6 and 12 cm) [254]. The materials produced did not show the
variations in density or differences in cell shape reported in previous studies [255,256]. It
was also highlighted in [254] that limitation of vertical expansion, a recurrent phenomenon
for foaming in closed molds or in situ, also disturbed the structure and created anisotropy.
The simplest way to control the density is to vary the amount of foaming agent added to
the preparation. By introducing different amounts of DE, within safety limits [257], a direct
relationship between the mass of DE used and the inverse of the density was demonstrated
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(Figure 16a,c). Similarly, a relationship was established between the inverse of the bulk
density—and thus the mass of DE—and cell size (Figure 16b,d).

However, adjusting the density by varying the other reactants is more complex due to
the different chemical reactions that take place during polymerization, making predictions
more difficult. For example, increasing the amount of FA may intensify the exothermic
self-condensation reaction, generating more heat and facilitating the evaporation of DE.
Nevertheless, this also promotes early matrix hardening, thus stabilizing the structure and
inhibiting its expansion.

Figure 16. (a) Apparent density of TFFs as a function of the mass of introduced PBA; (b) cell diameter
of TFFs as a function of apparent density; (c) inverse of the apparent density of TFFs as a function
of the mass of introduced PBA; (d) cell diameter of TFFs as a function of apparent density [254];
(e) typical compression curve of a TFF (ρ = 0.068kg.m−3) (adapted from [7]); (f) thermal conductivity
of TFFs measured perpendicular to (green dashed line) and along (red solid line) their direction of

44



Polymers 2022, 14, 3974

expansion (adapted from [258]). Figure 16a–d, reprinted from Materials Chemistry and Physics, Zhao
et al., Effect of composition and processing parameters on the characteristics of tannin-based rigid
foams. Part I: Cell structure, 175–182, Copyright (2010), with permission from Elsevier. Figure 16e,
reprinted from Materials Science and Engineering A, Celzard et al., Mechanical properties of tannin-
based rigid foams undergoing compression, 4438–4446, Copyright (2010), with permission from
Elsevier. Figure 16f, reprinted from Materials and Design, Martinez de Yuso et al., Structure and
properties of rigid foams derived from quebracho tannin, 208–212, Copyright (2014), with permission
from Elsevier.

3.3.2. Thermal Properties

Good insulators are materials with low total thermal conductivity, which depends
on the contribution of conduction in the solid and gas phases, convection in the cells, and
radiation. However, the cell size is generally too small to allow convective motion, so
this quantity is neglected [11]. To obtain suitable performance for insulation, the material
used must therefore have high porosity, with closed cells, capable of trapping gas of
low thermal conductivity. The contribution of the gas fraction depends on the intrinsic
conductivity of the gas and the porosity. Many models of porous materials exist for defining
the contribution of the solid phase, typically based on the conductivity of the solid fraction
and on porosity [12,77]. Finally, the role of radiation must also be taken into account, since
it can contribute from 20 to 30% of the total conductivity [11,77].

Like other rigid cellular materials, tannin foams exhibit very good insulating qualities
with very a low thermal conductivity (0.032–0.050 W·m−1·K−1) [8]. However, these results
depend on the homogeneity of the structure: in the case of anisotropy, measurements paral-
lel and perpendicular to the expansion axis must be performed, because the conductivities
in these directions may differ. In addition, thermal conductivities also depend significantly
on the porosity of the material, as mentioned above. In other words, bulk density and total
thermal conductivity are correlated, as shown in Figure 16f. Tannin–furanic foams can
therefore compete with phenolic or PUR-based foams, and can be considered as a serious
alternative for building insulation.

3.3.3. Mechanical Properties

The mechanical behavior of the foam depends on the internal organization of the
cells and the degree of polymerization of the matrix. The mechanical behavior is usually
characterized by compression both along and perpendicular to the foaming axis in the case
of anisotropy. This behavior can be divided into three different phases: the first phase is
linear elastic; the second phase, during which stress is maintained while the strain increases
significantly, is a serrated plateau; and the third phase corresponds to densification. On
the basis of this global behavior, the compressive strength and modulus of elasticity can
be obtained as the stress at the end of the linear part and as the slope of the linear part,
respectively (Figure 16e). Although the elastic phase of these materials is quite limited,
they are capable of absorbing large amounts of mechanical energy by means of irreversible
cell wall rupture.

Tannin-based foams are considered rigid materials, i.e., their compressive strength is
greater than 0.08 MPa. However, the formulation and addition of hardeners or plasticizers
changes the mechanical behavior of the material by altering the bonds between the polymer
chains, so that they can be made stiffer or more elastic. With respect to compression,
the literature reports values between 0.05 and 1.75 MPa [7,259], which is a good ratio of
strength to relative density. These foams are therefore good candidates for use in shock
and vibration absorption applications. On the other hand, the removal of formaldehyde
from the formulation also increases the elasticity of the material, due to the absence of a
rigid 3D polymer network created by the crosslinking agent [5].
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3.3.4. Fire Resistance Properties

Tannin foams have very good fire resistance properties, even without the addition of
flame retardants [260,261], as the energy input required to start combustion corresponds
to severe conditions [220,253,260,261]. For instance, when comparing PF foams and TFFs
by applying an incident heat flux of 50 kW·m−2, an ignition time of 6s was observed for
the former [108], while no ignition was observed for the latter [190]. This unique behavior
conferred by tannin allows the derived foams to stand out from other insulation materials,
a property that is often a critical point, and is a major vulnerability of PUR foams, in
particular. This makes tannins advantageous for applications in sensitive, fire-prone, or
public buildings or systems. The numerous studies carried out on TFF foams in which fire
resistance properties were evaluated have led to the development of a range of formulations
for designing materials with similar or even better properties than the PUR foams they are
intended to replace.

3.4. Applications and End of Life

The physical and chemical characterizations performed suggest a wide range of
possible uses. First, TFFs are lightweight and have low thermal conductivity. Combined
with excellent fire resistance, this makes them a good alternative for building insulation.
Formulations with open-cell structures have typical acoustic properties for this type of
material, even excellent for medium and high frequencies [262]. However, other more
sophisticated applications have recently been reported, such as biosubstrates for Raman
spectroscopy [263], or the adsorption of different pollutants, as described below. However,
one of the main problems related to the use of TFFs for engineering applications is the
high friability of these materials. This makes them difficult to handle and is a big obstacle
at the industrialization stage. To overcome this disadvantage, they have been studied as
core materials of sandwich panels (plywood, medium density fiberboard, wood). The
composite materials thus obtained combine the lightness of TFFs and the bending strength
of the other elements, without the problem of the friable TFF core crumbling [173,264].

Tannin-based foams are still new products, and are still under development. Therefore,
the issue of their dismantling and recycling has not yet been fully explored. Some tech-
niques generally used for cellular materials can be employed, however. Sánchez-Martín
et al. developed another application for this material by testing it for wastewater treat-
ment [265]. Tests carried out on dyes, surfactants, and pharmaceutical compounds have
demonstrated the good capacity of these foams to depollute [266,267]. This adsorption
capacity had already been demonstrated by Tondi et al. for the capture of metal ions (Cu2+

and Pb2+) from wastewater [268]. This new perspective allows us to consider a method for
recycling foams applied as insulation in buildings by transforming them into adsorbents for
wastewater remediation. Moreover, other studies have used these materials as precursors
to obtain carbon foams by pyrolysis. This step increases the porosity of the materials, in
particular by creating micropores. These treatments introduce these foams in areas such as
catalysis and absorption [269,270], and pave the way to end-of-life recovery of the foams.

4. Conclusions

This review illustrates the wide range of rigid polymeric foam solutions that exist
today. However, this mature sector, with well-defined processes and facilities, is still
highly dependent on petrochemical feedstocks, which are necessary for the formulation
of these polymeric foams. In recent years, some initiatives have attempted to introduce
increasing proportions of bio-based materials in order to replace petrochemical reagents.
For example, porous materials such as PUR, PIR, PUA and PF foams are playing an
important role in this revolution, because their lightweight but robust structure preserves
material and energy. Their thermal, mechanical, and acoustic properties make them useful
in many applications, the most common being saving energy in the thermal insulation of
buildings or industrial systems (coolers, tanks, ducts, etc.). Moreover, these conventional
solutions are being progressively challenged by the emergence of new materials such as
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TFFs, which are positioning themselves as credible alternatives with similar or even better
performances than the previous materials, while simultaneously incorporating a higher
fraction of renewable raw materials. Although they seem to be promising candidates for
replacing PUR or PF formulations, these new products still need to be developed and
optimized before reaching the industrialization phase. To conclude this review, Table 2
gathers the main properties of the foams described here.

Table 2. Summary of bulk density, thermal conductivity, compressive strength, and fire resistance
properties of the foams reported here.

Foam Density
(g/cm3)

Thermal
Conductivity
(W·m−1·K−1)

Compressive
Strength

(MPa)

Fire
Resistance [Refs.]

PUR 0.026–0.058 0.010–0.057 0.45–4.8 Bad [271–279]
PUA 0.008–0.400 0.013–0.050 0.03–2.83 Good [93,280–283]
PIR 0.019–0.073 0.032–0.035 0.20–0.32 Good [29,284–289]

PF 0.016–0.314 0.029–0.060 0.07–3.45 Bad [116,117,119–
121,220,229,290–292]

TFF 0.030–0.200 0.032–0.070 0.05–1.75 Very good [8,220,253,260,261,293]

On the basis of this table, it can be concluded that TFFs have similar or even better
properties than those observed for common foams based on non-renewable resources, and
thus place them as potential substitutes for many applications.
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Acronyms and Symbols
bPUR biopolyurethane
CBA chemical blowing agent
CFC chlorofluorocarbon
DE diethyl ether
EP epoxy
FA furfuryl alcohol
HCFC hydrochlorofluorocarbon
HFC hydrofluorocarbon
MBF mechanically blown foam
MDI methylene diphenyl diisocyanate
mMDI pure monomeric MDI
PBA physical blowing agent
PF phenol–formaldehyde
PFC perfluorocarbon
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PIR polyisocyanurate
pMDI polymeric MDI
PUA polyurea
PUR polyurethane
TDI toluene diisocyanate
TFF tannin–furanic foams
θ tortuosity
k permeability
ρ relative density
ρa apparent density
ρs skeletal density (i.e., of the solid fraction)
φ porosity
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137. Petrović, Z.S. Polyurethanes from Vegetable Oils. Polym. Rev. 2008, 48, 109–155. [CrossRef]
138. Shirke, A.; Dholakiya, B.; Kuperkar, K. Novel Applications of Castor Oil Based Polyurethanes: A Short Review. Polym. Sci. Ser. B

2015, 57, 292–297. [CrossRef]
139. Yang, R.; Wang, B.; Li, M.; Zhang, X.; Li, J. Preparation, Characterization and Thermal Degradation Behavior of Rigid Polyurethane

Foam Using a Malic Acid Based Polyols. Ind. Crops Prod. 2019, 136, 121–128. [CrossRef]
140. Bossion, A. New Challenges in the Synthesis of Non-Isocyanate Polyurethanes. Ph.D. Thesis, University of Bordeaux, Bordeaux,

France, 2019.
141. Clark, J.; Farmer, T.J.; Ingram, I.; Lie, Y.; North, M. Renewable Self-Blowing Non-Isocyanate Polyurethane Foams from Lysine and

Sorbitol. Eur. J. Org. Chem. 2018, 2018, 4265–4271. [CrossRef]
142. Thébault, M.; Pizzi, A.; Santiago-Medina, F.J.; Al-Marzouki, F.M.; Abdalla, S. Isocyanate-Free Polyurethanes by Coreaction of

Condensed Tannins with Aminated Tannins. J. Renew. Mater. 2017, 5, 21–29. [CrossRef]

52



Polymers 2022, 14, 3974

143. Thébault, M.; Pizzi, A.; Essawy, H.A.; Barhoum, A.; Van Assche, G. Isocyanate Free Condensed Tannin-Based Polyurethanes. Eur.
Polym. J. 2015, 67, 513–526. [CrossRef]

144. Thébault, M.; Pizzi, A.; Dumarçay, S.; Gerardin, P.; Fredon, E.; Delmotte, L. Polyurethanes from Hydrolysable Tannins Obtained
without Using Isocyanates. Ind. Crops Prod. 2014, 59, 329–336. [CrossRef]

145. Boerjan, W.; Ralph, J.; Baucher, M. Lignin Biosynthesis. Annu. Rev. Plant Biol. 2003, 54, 519–546. [CrossRef]
146. Borrero-López, A.M.; Martín-Sampedro, R.; Ibarra, D.; Valencia, C.; Eugenio, M.E.; Franco, J.M. Evaluation of Lignin-Enriched

Side-Streams from Different Biomass Conversion Processes as Thickeners in Bio-Lubricant Formulations. Int. J. Biol. Macromol.
2020, 162, 1398–1413. [CrossRef] [PubMed]

147. Borrero-López, A.M.; Valencia, C.; Ibarra, D.; Ballesteros, I.; Franco, J.M. Lignin-Enriched Residues from Bioethanol Production:
Chemical Characterization, Isocyanate Functionalization and Oil Structuring Properties. Int. J. Biol. Macromol. 2022, 195, 412–423.
[CrossRef]

148. Alonso, M.V.; Oliet, M.; Pérez, J.M.; Rodríguez, F.; Echeverría, J. Determination of Curing Kinetic Parameters of Lignin–Phenol–
Formaldehyde Resol Resins by Several Dynamic Differential Scanning Calorimetry Methods. Thermochim. Acta 2004, 419, 161–167.
[CrossRef]

149. Calvo-Flores, F.G.; Dobado, J.A. Lignin as Renewable Raw Material. ChemSusChem 2010, 3, 1227–1235. [CrossRef] [PubMed]
150. Borrero-López, A.M.; Valencia, C.; Domínguez, G.; Eugenio, M.; Franco, J.M. Rheology and Adhesion Performance of Adhesives

Formulated with Lignins from Agricultural Waste Straws Subjected to Solid-State Fermentation. Ind. Crops Prod. 2021, 171, 113876.
[CrossRef]

151. Domínguez, G.; Blánquez, A.; Borrero-López, A.M.; Valencia, C.; Eugenio, M.E.; Arias, M.E.; Rodríguez, J.; Hernández, M.
Eco-Friendly Oleogels from Functionalized Kraft Lignin with Laccase SilA from Streptomyces Ipomoeae: An Opportunity to
Replace Commercial Lubricants. ACS Sustain. Chem. Eng. 2021, 9, 4611–4616. [CrossRef]

152. Borrero-López, A.M.; Wang, L.; Valencia, C.; Franco, J.M.; Rojas, O.J. Lignin Effect in Castor Oil-Based Elastomers: Reaching New
Limits in Rheological and Cushioning Behaviors. Compos. Sci. Technol. 2021, 203, 108602. [CrossRef]

153. Fulcrand, H.; Rouméas, L.; Billerach, G.; Aouf, C.; Dubreucq, E. Advances in Bio-Based Thermosetting Polymers. In Recent
Advances in Polyphenol Research; Halbwirth, H., Stich, K., Cheynier, V., Quideau, S., Eds.; John Wiley & Sons, Ltd.: Chichester, UK,
2019; pp. 285–334. ISBN 978-1-119-42789-6.

154. Mimini, V.; Kabrelian, V.; Fackler, K.; Hettegger, H.; Potthast, A.; Rosenau, T. Lignin-Based Foams as Insulation Materials: A
Review. Holzforschung 2018, 73, 117–130. [CrossRef]

155. Wang, S.; Liu, W.; Yang, D.; Qiu, X. Highly Resilient Lignin-Containing Polyurethane Foam. Ind. Eng. Chem. Res. 2019, 58,
496–504. [CrossRef]

156. Zhang, X.; Kim, Y.; Eberhardt, T.L.; Shmulsky, R. Lab-Scale Structural Insulated Panels with Lignin-Incorporated Rigid
Polyurethane Foams as Core. Ind. Crops Prod. 2019, 132, 292–300. [CrossRef]

157. Bo, C.; Hu, L.; Chen, Y.; Yang, X.; Zhang, M.; Zhou, Y. Synthesis of a Novel Cardanol-Based Compound and Environmentally
Sustainable Production of Phenolic Foam. J. Mater. Sci. 2018, 53, 10784–10797. [CrossRef]

158. Bo, C.; Yang, X.; Hu, L.; Zhang, M.; Jia, P.; Zhou, Y. Enhancement of Flame-Retardant and Mechanical Performance of Phenolic
Foam with the Incorporation of Cardanol-Based Siloxane. Polym. Compos. 2019, 40, 2539–2547. [CrossRef]

159. Berthier, J.-C. Polyuréthanes—PUR. In Techniques de l’ingénieur; Matériaux-Plastiques et Composites: Saint-Denis, France, 2009;
p. 27. ISBN AM3425 v2.

160. Singh, S.N. Blowing Agents for Polyurethane Foams; Rapra Technology Ltd.: Shawbury, UK, 2002.
161. Fahey, D.W.; Hegglin, M.I. Twenty Questions and Answers About the Ozone Layer: 2010 Update; World Meteorological Organization:

Geneva, Switzerland, 2010.
162. UNEP Montreal Protocol on Substances That Deplete the Ozone Layer. Int. Negot. 1987, 1, 49. [CrossRef]
163. UNEP. Copenhagen Amendment. 1992. Available online: https://unep.ch/ozone/french/Ratification_status/copenhagen_

amendment.shtml (accessed on 31 May 2019).
164. UNEP. Montreal Protocol on Substances That Deplete the Ozone Layer; UNEP: Athens, Greece, 1999; p. 204.
165. UNEP. Rapport de la Vingt-Huitième Réunion des Parties au Protocole de Montréal Relatif à des Substances qui Appauvrissent la Couche

d’Ozone-28ème Réunion des Parties au Protocole de Montréal; UNEP: Athens, Greece, 2016; p. 80.
166. Basso, M.C.; Pizzi, A.; Celzard, A. Dynamic Foaming Behaviour of Polyurethane vs. Tannin/Furanic Foams. J. Renew. Mater.

2013, 1, 273–278. [CrossRef]
167. Meikleham, N.E.; Pizzi, A. Acid-and Alkali-Catalyzed Tannin-Based Rigid Foams. J. Appl. Polym. Sci. 1994, 53, 1547–1556.

[CrossRef]
168. Al-Moameri, H.; Zhao, Y.; Ghoreishi, R.; Suppes, G.J. Simulation Blowing Agent Performance, Cell Morphology, and Cell Pressure

in Rigid Polyurethane Foams. Ind. Eng. Chem. Res. 2016, 55, 2336–2344. [CrossRef]
169. Modesti, M.; Adriani, V.; Simioni, F. Chemical and Physical Blowing Agents in Structural Polyurethane Foams: Simulation and

Characterization. Polym. Eng. Sci. 2000, 40, 2046–2057. [CrossRef]
170. Al-Moameri, H.; Zhao, Y.; Ghoreishi, R.; Suppes, G.J. Simulation of Liquid Physical Blowing Agents for Forming Rigid Urethane

Foams. J. Appl. Polym. Sci. 2015, 132, 42454. [CrossRef]
171. Ling, Y.; Yao, S.; Chen, Y.; Hu, D.; Xi, Z.; Zhao, L. Synergetic Effect between Curing Reaction and CO2 Diffusion for Microcellular

Epoxy Foam Preparation in Supercritical CO2. J. Supercrit. Fluids 2022, 180, 105424. [CrossRef]

53



Polymers 2022, 14, 3974

172. Breuer, R.; Hendriks, S.; Reinhardt, N.; Facklam, M.; Hopmann, C. Modeling Flow and Cell Formation in Foam Sheet Extrusion of
Polystyrene with CO2 and Co-Blowing Agents. Part I: Material Model. Polym. Eng. Sci. 2021, 61, 2799–2813. [CrossRef]

173. Link, M.; Kolbitsch, C.; Tondi, G.; Ebner, M.; Wieland, S.; Petutschnigg, A. Formaldehyde-Free Tannin-Based Foams and Their
Use as Lightweight Panels. Bioresources 2011, 6, 4218–4228.

174. Zubair, M.; Ferrari, R.; Alagha, O.; Mu’azu, N.D.; Blaisi, N.I.; Ateeq, I.S.; Manzar, M.S. Microwave Foaming of Materials: An
Emerging Field. Polymers 2020, 12, 2477. [CrossRef]

175. Basso, M.C.; Giovando, S.; Pizzi, A.; Celzard, A.; Fierro, V. Tannin/Furanic Foams without Blowing Agents and Formaldehyde.
Ind. Crops Prod. 2013, 49, 17–22. [CrossRef]

176. Santiago-Medina, F.J.; Tenorio-Alfonso, A.; Delgado-Sánchez, C.; Basso, M.C.; Pizzi, A.; Celzard, A.; Fierro, V.; Sánchez, M.C.;
Franco, J.M. Projectable Tannin Foams by Mechanical and Chemical Expansion. Ind. Crops Prod. 2018, 120, 90–96. [CrossRef]

177. Szczurek, A.; Fierro, V.; Pizzi, A.; Stauber, M.; Celzard, A. A New Method for Preparing Tannin-Based Foams. Ind. Crops Prod.
2014, 54, 40–53. [CrossRef]

178. Santiago-Medina, F.J.; Delgado-Sánchez, C.; Basso, M.C.; Pizzi, A.; Fierro, V.; Celzard, A. Mechanically Blown Wall-Projected
Tannin-Based Foams. Ind. Crops Prod. 2018, 113, 316–323. [CrossRef]

179. Baser, S.A.; Khakhar, D.V. Modeling of the Dynamics of R-11 Blown Polyurethane Foam Formation. Polym. Eng. Sci. 1994, 34,
632–641. [CrossRef]

180. Li, X.; Basso, M.C.; Fierro, V.; Pizzi, A.; Celzard, A. Chemical Modification of Tannin/Furanic Rigid Foams by Isocyanates and
Polyurethanes. Maderas Cienc. Tecnol. 2012, 14, 257–265. [CrossRef]

181. Smithers Rapra. Polymer Foams Market Forecast to 2019. Available online: https://www.smithersrapra.com/news/2014/may/
polymer-foam-market-to-consume-25-3-million-tonnes (accessed on 4 September 2019).

182. Molero, C.; de Lucas, A.; Rodríguez, J.F. Recovery of Polyols from Flexible Polyurethane Foam by “Split-Phase” Glycolysis with
New Catalysts. Polym. Degrad. Stab. 2006, 91, 894–901. [CrossRef]

183. Quadrini, F.; Bellisario, D.; Santo, L. Recycling of Thermoset Polyurethane Foams. Polym. Eng. Sci. 2013, 53, 1357–1363. [CrossRef]
184. Ulrich, H.; Odinak, A.; Tucker, B.; Sayigh, A.A.R. Recycling of Polyurethane and Polyisocyanurate Foam. Polym. Eng. Sci. 1978,

18, 844–848. [CrossRef]
185. Yang, W.; Dong, Q.; Liu, S.; Xie, H.; Liu, L.; Li, J. Recycling and Disposal Methods for Polyurethane Foam Wastes. Procedia Environ.

Sci. 2012, 16, 167–175. [CrossRef]
186. Zia, K.M.; Bhatti, H.N.; Ahmad Bhatti, I. Methods for Polyurethane and Polyurethane Composites, Recycling and Recovery: A

Review. React. Funct. Polym. 2007, 67, 675–692. [CrossRef]
187. Azzarello, M.Y.; Vleet, E.S.V. Marine Birds and Plastic Pollution. Mar. Ecol. Prog. Ser. 1987, 37, 295–303. [CrossRef]
188. Eriksen, M.; Lebreton, L.C.M.; Carson, H.S.; Thiel, M.; Moore, C.J.; Borerro, J.C.; Galgani, F.; Ryan, P.G.; Reisser, J. Plastic Pollution

in the World’s Oceans: More than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at Sea. PLoS ONE 2014, 9, e111913.
[CrossRef]

189. Howard, G.T. Biodegradation of Polyurethane: A Review. Int. Biodeterior. Biodegrad. 2002, 49, 245–252. [CrossRef]
190. Fajardo, C.; Blánquez, A.; Domínguez, G.; Borrero-López, A.M.; Valencia, C.; Hernández, M.; Arias, M.E.; Rodríguez, J.

Assessment of Sustainability of Bio Treated Lignocellulose-Based Oleogels. Polymers 2021, 13, 267. [CrossRef]
191. Filip, Z. Decomposition of Polyurethane in a Garbage Landfill Leakage Water and by Soil Microorganisms. Eur. J. Appl. Microbiol.

Biotechnol. 1978, 5, 225–231. [CrossRef]
192. Urgun-Demirtas, M.; Singh, D.; Pagilla, K. Laboratory Investigation of Biodegradability of a Polyurethane Foam under Anaerobic

Conditions. Polym. Degrad. Stab. 2007, 92, 1599–1610. [CrossRef]
193. Kloss, J.R.; Pedrozo, T.H.; Dal Magro Follmann, H.; Peralta-Zamora, P.; Dionísio, J.A.; Akcelrud, L.; Zawadzki, S.F.; Ramos, L.P.

Application of the Principal Component Analysis Method in the Biodegradation Polyurethanes Evaluation. Mater. Sci. Eng. C
2009, 29, 470–473. [CrossRef]

194. Borowicz, M.; Paciorek-Sadowska, J.; Lubczak, J.; Czupryński, B. Biodegradable, Flame-Retardant, and Bio-Based Rigid
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Characterization and Applications
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21071 Huelva, Spain
* Correspondence: am.borrero@diq.uhu.es

The need to find suitable biomaterials and procedures from alternative products able
to imitate or even enhance the performance of currently used products has become an
important focus of research today due to the depletion of non-renewable resources and the
increasing concern related to climate change, sustainability and environmental preservation.
Thus, this book gathers different original articles and review manuscripts concerning the
Special Issue “Development of Bio-Based Materials: Synthesis, Characterization and
Applications”. The development of partial or fully bio-based materials has been included,
with excellent outcomes in many different applications, as well as alternative procedures
that can reduce the carbon footprint or optimize both production and energy consumption.

Given the interest in these materials, this book, including 27 articles and reviews
written by research experts in their topics of interest, reports the most recent research on
bio-based materials, with emphasis on the pharmaceutical and medical fields but covering
a very extensive range of applications. Several novel and fascinating methods and studies
related to thermo-responsive photopolymers (Figure 1A), biopolymer encapsulations,
biopolymer-based films (Figure 1B), natural fibres production, biocompatible adhesives
(Figure 1C), green composites (Figure 1D) and many other different materials have been
introduced. The aim of this Special Issue, and now this book, is to provide a clear picture of
the latest frontiers reached in the biomaterials field and their latest applications such as 3D
bioprinting inks, immobilization of enzymes (Figure 1E), lubricating greases, elastomers
and adhesives (Figure 1F), in which bio-based materials show great potential.

Emphasis on the biomaterial itself, the protocol followed, characterization and/or
application have been reported, therefore contributing to a greener picture through the for-
mulation of different more environmentally friendly products, but also to an understanding
of the composition and structure of those systems, as well as applications thereof.
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Abstract: Chitooligosaccharides, also known as chitosan oligomers or chitooligomers, are made
up of chitosan with a degree of polymerization (DP) that is less than 20 and an average molecular
weight (MW) that is lower than 3.9 kDa. COS can be produced through enzymatic conversions
using chitinases, physical and chemical applications, or a combination of these strategies. COS is of
significant interest for pharmacological and medical applications due to its increased water solubility
and non-toxicity, with a wide range of bioactivities, including antibacterial, anti-inflammatory, anti-
obesity, neuroprotective, anticancer, and antioxidant effects. This review aims to outline the recent
advances and potential applications of COS in various diseases and conditions based on the available
literature, mainly from preclinical research. The prospects of further in vivo studies and translational
research on COS in the medical field are highlighted.

Keywords: chitooligosaccharides; chitin; chitosan; anti-inflammatory; antioxidant; tissue engineering;
wound healing; antimicrobial; drug delivery; antitumor

1. Introduction

Chitin, a mucopolysaccharide, is produced by many living organisms and is usually
present in a complex with other polysaccharides and proteins in insects, crustaceans, arachnids,
myriapods, nematodes, algae, and fungi [1]. Chitin is a linear polysaccharide composed
of (1→ 4) linked 2-acetamido-2-deoxy-β-d-glucopyranosyl units and occurs naturally in
three polymorphic forms with different orientations of the microfibrils, known as α-, β-,
and γ-chitin [2]. Chitin has been the focus of numerous therapeutic uses in addition to
serving as a precursor for producing chitosan and chitooligosaccharides. Chitin has several
uses in food, agriculture, wastewater treatment, textiles, microbiology, nanotechnology,
chemistry, and material science [3]. It is biodegradable and is also considered as a promising
biomaterial for tissue engineering and stem cell technologies [4].

Chitosan [poly-(β-1/4)-2-amino-2-deoxy-D-glucopyranose] is a natural nontoxic linear
polysaccharide biopolymer produced through the deacetylation of chitin [5]. Commercial
chitosan is made by deacetylating naturally occurring chitin and is used in dietary supple-
ments, organic fertilizers, and cosmetics [6,7]. Chitin and chitosan can be distinguished
based on the degree of acetylation of the D-glucosamine units. Chitin includes over 70%
acetylated units, whereas chitosan contains less than 30% acetylation. In the presence of
organic acids, including formic acid, acetic acid, and ascorbic acid, chitosan forms salt and
becomes water soluble [8]. Chitosan possesses three reactive functional groups, including
an amino- or N-acetamide group and two primary and secondary hydroxyl groups at the
C-2, C-3, and C-6 positions. The amino- or N-acetamide groups distinguish the structure
and physicochemical properties of various chitosans [9]. The fraction of N-acetylated
residues (FA), degree of polymerization (DP), molecular weight (MW), MW distribution,
and pattern or sequence of N-acetylation (PA) can be used to classify chitosan [10].

Chitosans with a DP of less than 20 and an average MW of less than 3.9 kDa are
called chitooligosaccharides (COSs), chitosan oligomers, or chitooligomers [11,12]. Their
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characteristics, such as low molecular weight, low polymerization degree, and high water
solubility, are superior to those of chitin and chitosan [11]. COS has a variety of biological
activities and many potential uses in multiple fields, such as medicine, cosmetics, food, and
agriculture [13]. In addition, chemical methods using acid, hydrogen peroxide (H2O2), or
sodium nitrite (NaNO2) are also used to extract COS. There are multiple ways to obtain
chitosan oligomers. These methods are categorized as enzymatic, physical, or chemical
depolymerizations [14]. Chemical methods using acid [15,16], H2O2 [17], or NaNO2 [18]
physical methods, such as hydrothermal [19], microwave [20], ultra-sonication [21], and
gamma rays [22]. Among the chemical methods for the hydrolysis of chitosan, acid
hydrolysis is probably the best known. The enzymatic depolymerization of chitosan is
characterized by the enzymes’ selective cleavage of chitosan glycosidic bonds [23].

While hetero-chitooligosaccharides combine oligomers with varying DP, deacetylation
degree (DD), and acetylation patterns (position of the N-acetyl residues in the chain),
homo-chitooligosaccharides are oligomers made exclusively of either glucosamine (GlcN)
or N-Acetylglucosamine (GlcNAc) units [3,24]. The attractive bioactive properties of COS
make them suitable for various biological applications. A low molecular weight (1.5 kDa)
results in aqueous solubility across a broad pH range and easy absorption through epithelial
cells [10]. The physical and biological activities of chitosan and its oligomers are governed
primarily by the DP, MW, and DD [3,25,26]. The most significant property of COS is its
water solubility or solubility in physiological pH due to the freely accessible amino groups
on the shorter chains [27]. All heterogeneous COS with a DP < 10 and DD between 50 and
100 % are completely soluble over the pH range extending from neutral to slightly alkaline,
whereas commercially available chitosan with a higher DP precipitates out at such pH
values [28].

COS exhibits superior solubility over a more extended pH range and at relatively
higher concentrations than the corresponding chitosan, exhibiting exciting biological prop-
erties. Depending on their size, they are also soluble in other solvents, such as dimethyl
sulfoxide, dimethylformamide, water, and alcohol. There has been a growing interest in
modifying these oligomers to expand their applications. A low molecular weight (1.5 kDa)
confers water solubility across a broad pH range and the capacity to be swiftly absorbed
by epithelial cells. A wide variety of cells, including neuronal, embryonic, and bone-
marrow-derived stem cells, can grow in COS with a degree of deacetylation (DD) > 85%,
which is more compatible with cell growth than chitosan with lower DD levels [29]. The
fabrication of compatible membrane materials, in which hydrogels are the most thoroughly
investigated, is a key biomedical use of COS. Hydrogels are frequently used for therapeutic
purposes, including tissue engineering and drug delivery, due to their propensity to expand
in aqueous and biological fluids [30].

This review aims to provide a broad overview of chitooligosaccharides, their methods
of preparation, and a comprehensive account of the preclinical and laboratory studies
conducted to date on its application in the medical field. Based on the available preliminary
information, future attention is being paid to translational studies to apply this preliminary
information in clinical practice. The importance of focusing on translational studies in the
future in order to apply the preliminary information in medical practice is highlighted.

2. Structure of Chitooligosaccharides

Chitosans with degrees of polymerization (DP) < 20 and an average molecular weight
of 3900 Da are chitosan oligomers, chitooligomers, and chitooligosaccharides [12]. COS
is synthesized by depolymerizing chitin or chitosan through acid hydrolysis, physical
hydrolysis, and enzymatic degradation [11] (Figure 1). Chitooligosaccharides are com-
posed of co-oligomers of N-acetyl-D glucosamine and D-glucosamine, usually prepared
through the partial hydrolysis and deacetylation of chitin and chitosan [31]. The DD of
COS, which is related to the molar units of GlcN on its backbone, depends on the DD of
chitosan used as the starting material, determining the molecular weight distribution and
N-acetylation pattern [32]. COS shares three common functional reactive groups that are
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directly responsible for inducing and enhancing its various biological effects. These reactive
functional groups include the amino/acetamido group, and the primary and secondary
hydroxyl groups, at the C-2, C-3, and C-6 positions, respectively, as well as the glycosidic
bond at the β-(1→4) link, which is the link between the N-glucosamine units [33].
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3. Preparation of Chitooligosaccharides

The depolymerization of chitin or chitosan and the production of chitooligosaccha-
rides can be accomplished using physical (microwave treatment, ultraviolet radiation,
and ultrasonic treatment), chemical (hydrogen peroxide oxidation and acid hydrolysis),
enzymatic, electrochemical, and composite degradation methods [10]. Ultrasonication,
hydrothermal treatment, hydrodynamic cavitation, electromagnetic, gamma rays, and
microwave irradiation are the physical methods for chitin or chitosan hydrolysis [35–37].
Chemical methods for producing chitooligosaccharides include degradative methods, such
as breaking down chitin or chitosan with a strong acid or oxidation, and synthesis meth-
ods [38]. Chemical approaches for synthesizing chitooligosaccharides produce low yields
and necessitate protection/deprotection processes, the employment of hazardous chemi-
cals, the production of hazardous waste, high costs, and the generation of a large quantity
of monomers [39]. The chemical degradation process is easy to employ, but the relative
molecular weight of the degradation products is widely dispersed, making separation and
purification challenging. In addition, the amount of reagents used is considerable, and the
post-treatment is complicated. Acid and oxidative degradation are the two main processes
involved in the chemical decomposition of COS (Figure 2).
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3.1. Acid Hydrolysis of Chitosan

Chitosan can be hydrolyzed using hydrochloric acid, acid with electrolytes, nitrous
acid, phosphoric acid, and hydrofluoric acid, as well as oxidative and reductive techniques
involving hydrogen peroxide or persulfate [11,40]. The MW and DD of COS products are
highly influenced by the acid concentration, temperature, and treatment time [11]. The most
commonly used acid for obtaining COS is hydrochloric acid (HCl). At higher temperatures,
concentrated hydrochloric acid degrades chitosan directly to form a chitooligomer and
increases the product’s DD. Jia and Shen [41] used 85% phosphoric acid to obtain water-
soluble chitosan under optimal conditions at 60 degrees Celsius. Degradation by strong
acids is difficult to control, the process is complex, and the process yields a lower quantity
of CO. Weak acids, such as formic acid, acetic acid, and nitrous acid, can also be used to
degrade chitosan. Nitrous acid also breaks down GlcN residues into 2,5-anhydromannose.
A small amount of the amino group damage results from the GlcN ring being rearranged
and released in this reaction, but GlcN is eventually repaired by sodium borohydride
(NaBH4) [42].

3.2. Enzymatic Hydrolysis

Enzymatic chitosan hydrolysis is superior to chemical reagent-catalyzed chitosan hy-
drolysis regarding its predictability and controllability [11,43]. The enzymatic procedures
are precise and involve minimal chemical alteration of the products (Figure 3). Addition-
ally, enzyme-catalyzed reactions are controllable, producing COS with specific chemical
properties by modifying production procedures, such as enzyme concentrations, pH, tem-
perature, and reaction time [44]. Several glycoside hydrolases composed of specialized
enzymes, such as chitinases and chitosanases, can catalyze the enzymatic hydrolysis of
chitin and chitosan [45]. Enzymatic hydrolysis can also be performed using nonspecific
enzymes, including cellulase, amylase, lipase, and pectinase, with higher yields and lower
costs [46,47]. Many factors can affect the outcome of an enzymatic depolymerization reac-
tion. In manufacturing chitooligosaccharides from chitin or chitosan, the choice of enzyme
and substrate exert a significant effect [38]. COS exhibits diverse biological activities, which
depend on their molecular weight and DD compared to chitosan with a high molecular
weight. The most efficient method for obtaining longer chains of COS is to use enzymes,
and this method has been effectively used to manufacture COS spanning from dimers
(DP 2) to octamers (DP 8) [48]. Cellulose cellulase demonstrated the best hydrolytic ability
among the six nonspecific enzymes employed to degrade chitosan [49]. The enzymatic
hydrolysis method necessitates optimal conditions for a reaction, and the raw materials’
structural properties may also impact the hydrolysis rate [50].

Several nonspecific enzymes, including proteolytic enzymes, such as papain, pepsin,
and pronase, were used to produce COS from chitosan. Depolymerization was achieved
using immobilized papain and chitosan. The advantage of immobilized papain was that
it could be retrieved after the process, and the retrieval enzyme could be reused, despite
the low yield and molecular weight of low-molar-mass chitosans (LMWCs) [51]. For
chitosan depolymerization, nonspecific enzymes, such cellulase, hemicellulase, lysozyme,
pectinase, and a-amylase, were also used. Due to the structural similarity of chitosan and
cellulose, polymers of D-glucose linked by b-1,4-glycosidic linkages, many researchers have
concentrated on cellulase to produce COS from chitosan. It appears that the enzyme does
not strongly recognize the group at the C-2 position in glucose or glucosamine residues
when the enzyme–substrate complex is formed [52].
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Figure 3. Schematic diagram showing the major steps in obtaining Chitooligosaccharides
(enzymatic synthesis).

3.3. Oxidative Degradation

By using free radicals formed by oxidants in aqueous solutions, oxidative degradation
attacks the chitosan’s β -1,4 glycosidic bonds with active amino groups [53]. The response
surface approach using 5.5% hydrogen peroxide chitosan can be converted into COS
with a yield of 93.5% [54]. According to a first-order kinetics study, higher temperatures
and concentrations result in prolonged reaction times and chitooligosaccharides with a
higher mono-to-disaccharide-yield ratio [53]. The reduction in active amino groups and
the browning of the product during the later stages of the degradation process are two
drawbacks of the H2O2 degradation method. Two COSs with DDs of 69% and 95% can be
separated from the same source material using a mixture of H2O2 and acetic acid in a ratio
of 1:7 [55]

3.4. Electrochemical Degradation

The electrochemical degradation of COS is an innovative method for its preparation.
This method is simple and contaminant-free but has significant drawbacks, such as a
short electrode life and a high failure rate [56,57]. The protonated amino groups remained
stable after electrochemical treatment, and the molecular weight of chitosan decreased
with an increase in the current density of the Ti/TiO2-RuO2 electrode [56]. In addition, the
Ti/Sb-SnO2 electrode was observed to be more effective than the Ti/TiO2-RuO2 electrode
due to the difference between electrode materials’ characteristics [57].

4. Therapeutic Applications of Chitooligosaccharides

COS possesses many biological activities and promising applications in multiple fields,
such as medicine, cosmetics, food, and agriculture (Figure 4). COS, which is recognized
as low MW and water soluble, is in much greater demand than its precursor molecule
chitosan. This section attempts to describe several biological activities of COS that can be
applied in the field of medicine.
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4.1. Chitooligosaccharides as Antioxidant Agents

Antioxidants can scavenge free radicals and protect the human body from highly
toxic reactive oxygen species (ROS), slowing the progression of many chronic diseases.
The ability of chitosan and its derivatives to scavenge free radicals and prevent oxidative
damage by interrupting radial chain reactions is well established. Compared to chitosan,
COS and its derivatives have better antioxidant properties [58,59]. COS antioxidant or
radical-scavenging properties are primarily determined by their molecular weights and
DD [46,58,60]. Several chronic diseases, such as cardiovascular diseases, atherogenesis,
cancer, and Parkinson’s disease, are all linked to oxidative stress [61]. The excessive
generation of ROS damages proteins, lipids, and DNA, leading to inflammation, tissue
degeneration, and cellular apoptosis. ROS plays a vital role in the wound healing process
at low concentrations, and an excessive level of reactive oxygen species can hinder wound
healing by stimulating processes, such as inflammation and fibrosis [62].

Though the molecular mechanism underlying COS scavenging activity is unknown,
the presence of hydroxyl and free amino groups in COS is thought to be responsible for
its antioxidant activity. Antioxidants are noted for their positive benefits on health by
protecting cells from the harmful effects of oxidation. It was demonstrated that COS and
its derivatives have a high overall reducing power and can effectively remove hydroxyl
radicals and superoxide anions [63]. The COS scavenging mechanism is believed to be
based on the reaction of hydroxyl and superoxide anion radicals with active hydrogen
atoms in COS, producing stable macromolecule radicals [59,64]. As COS can provide
positrons to free radicals and transform them into more stable products, it can interrupt the
chain reaction caused by free radicals [65].

In human lung epithelial A549 cells, the gallic acid-conjugated COS was tested for
its antioxidant and anti-inflammatory properties. Gallate-COS was discovered to have
remarkably high DPPH radical scavenging capacity and protect against DNA damage by
H2O2. This study observed that adding gallic acid to COS enhanced its anti-inflammatory
and antioxidant capabilities [66]. The findings indicated that gallate-COS might be a
potential preventive agent for lung inflammation and lung cancer brought on by free
radicals. In a high-fat-diet mouse model, the ability of COS to scavenge free radicals was
examined both in vitro and in vivo. It was discovered that COS had strong antioxidant
properties that could shield animals from oxidative stress [67]. Catalase, superoxide
dismutase, and glutathione peroxidase were significantly increased in the stomachs, livers,
and sera of mice when COS was used in conjunction with a high-fat diet. This indicates
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that COS may possess some antioxidant properties and be able to restore the function of
the enzymes that a high-fat diet compromises.

4.2. Chitooligosaccharides as Antimicrobial Agents

COS is an effective antibacterial agent that inhibits the growth of various microbes,
such as bacteria, fungi, and viruses [68,69]. The antimicrobial activity of COS depends on
the molecular weight (MW), degree of polymerization (DP), and pattern of acetylation (PA),
as well as the type of organism. Though the actual mechanism of the antimicrobial activity
is not clearly understood, low-molecular-weight chitosan can penetrate bacterial cell walls,
bind with DNA, and inhibit DNA transcription and mRNA synthesis [70]. Conversely,
chitosan with a high molecular weight can bind to the negatively charged elements of
the bacterial cell wall. As a result, it modifies the permeability of the cell, creates an
impermeable layer around it, and prevents transport into the cell [71,72].

The acetylated sequences in the COS structure are necessary for antibacterial action,
and COS with a greater number of acetylated sequences and fewer free amino groups
possesses improved antimicrobial activity [73]. It was observed that Gram-positive and
Gram-negative bacteria have varied responses to the antibacterial action of COS. Gram-
negative bacteria have a negatively charged cell surface; hence, the positively charged
amine group in COS can severely impede their growth. However, COS does not prevent
the growth of Gram-positive bacteria very effectively. The interaction between positively
charged amino groups of COS and negatively charged carboxylic acid groups of bacterial
cell surfaces paves the way for the formation of polyelectrolyte complexes, resulting in
the formation of an impermeable coating around the bacterial cell and the suppression of
metabolic activity [74]. As a result of COS antibacterial properties, a lower pH value and
more polymerization have also been deemed advantageous [75]. Chitooligosaccharides
significantly block A. actinomycetemcomitan growth due to its effect on cell membrane
permeability. The release of cellular components and the unregulated entry of substances
from the surrounding environment results in microbial cell death [69].

COS antimicrobial activities are influenced by a variety of factors, including deoxy-
cholic acid (DA) or dicetyl phosphate (DP), as well as other physicochemical properties and
microorganism types [76]. COS can change the permeability characteristics of microbial cell
membranes, preventing materials from entering or triggering the cell component’s leakage,
ultimately leading to bacterial destruction. The bacterial envelope serves as the active
site for COS, and membrane rupture may lead to the destruction of the microorganism.
Chitosan penetration into bacterial DNA suppresses RNA transcription, an additional
mechanism for killing microorganisms [77].

COS has antibacterial properties that promote tissue granulation and collagenase
activity, two key factors in wound healing. Therefore, the antibacterial property of COS is
responsible for its potential to promote wound healing. The antibacterial effects of COS
are superior against both Gram-positive and Gram-negative microorganisms [78]. Antimi-
crobial action is enhanced with higher degrees of deacetylation than lower acetylation
levels [79]. In a study conducted in relation to yeast, chitooligosaccharides with a degree of
polymerization of 32 showed strong inhibitory efficacy [80].

Streptococcus mutans, a Gram-positive bacterium often observed in human dental
caries, was susceptible to the antimicrobial action of chitooligosaccharide coupled with
glycidyl trimethyl ammonium chloride after only two hours of exposure [81]. The antimi-
crobial activity of COS can also be enhanced by incorporating other nanomaterials. The
impact of enhanced antibacterial potential was observed when the quaternary ammonium
compounds of COS were added to zinc oxide and a palygorskite nanocomposite [82].
COS-coated silver nanoparticles showed efficient antimicrobial activity [83]. COS-coated
silver nanoparticles with calcium hydroxide were tested against Streptococcus mutans,
Staphylococcus aureus, and Enterococcus faecalis by Rajasekaran et al. [84]. The composite
paste inhibited the investigated bacteria more efficiently, which could benefit pediatric
pulp therapy.
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An analysis of the antifungal activity of chitooligosaccharide with an average poly-
merization degree of 32 was observed to be effective against human fungal infections [80].
A study by Jang et al. [85] revealed that the low-molecular-weight chitooligosaccha-
ride decreased the fluorescence intensity of the SARS-CoV-2 nucleocapsid protein of the
virus-infected cells in a dose-dependent manner. They concluded that chitooligosaccha-
ride can have an antiviral effect on SARS-CoV-2 and may be a potent natural treatment
for COVID-19.

4.3. Chitooligosaccharides as Anti-Inflammatory Agents

Inflammation plays a crucial role in the pathology of various diseases, such as chronic
asthma, rheumatoid arthritis, multiple sclerosis, inflammatory bowel disease, psoriasis,
and cancer [86–89]. It has been demonstrated that the oral administration of COS inhibits
the activation of myeloperoxidase, cyclooxygenase (COX)-2, and inducible nitric oxide
synthase (iNOS), as well as the levels of proinflammatory cytokines, such as interleukin
(IL)-6 and tumor necrosis factor (TNF)-α [90]. COS exposure may inhibit the generation of
numerous proinflammatory cytokines associated with lipopolysaccharide (LPS)-induced
inflammation without impairing cell viability [91]. NF-κB (nuclear factor kappa-light-
chain-enhancer of activated B cells) nucleus translocation was decreased as a result of
the COS suppression of LPS-induced inflammatory gene expression, which attenuated
an LPS-induced inflammatory response in vascular endothelial cells [92]. Ma et al. [93]
hypothesized that COS could reduce the phosphorylation levels of mitogen-activated
protein kinases (MAPKs) and activate NF-κB and activator protein 1 (AP-1) to decrease
the LPS-induced interleukin 6 (IL-6) and TNF-α generation in macrophages. In a study
on the effects of COS on synoviocytes in rabbit knee joints, it was found that activating
AMPK reduced the expression of the enzymes iNOS and COX-2, thereby reducing synovial
inflammation [94].

COS supplementation in the diets of animals has been shown to have a potent im-
munoenhancing effect. The results obtained from an evaluation of the COS effect on
cyclophosphamide-induced immunosuppression by Mei et al. [95] showed that in mice
treated orally with COS and cyclophosphamide, the delayed-type hypersensitivity reaction,
macrophage phagocytosis activities, and levels of cytokines IL-2, IL-12, and interferon
were significantly increased, while the production of IL-10 was decreased. COS exhibited
protective benefits against ovalbumin-induced lung inflammation in induced asthmatic
mouse models at a maximal dose of 16 mg/kg per day, with a significant decrease in
mRNA expression and protein levels of IL-4, IL-5, IL-13, and TNF-α in lung tissue and
bronchoalveolar lavage fluid [96]. The serum levels of IL-1, IL-2, IL-6, immunoglobulin (Ig)
A, IgG, and IgM were all raised in early weaned pigs when COS was reintroduced into their
diets. Increased cell-mediated immunity in response to weaning stress may be possible if
COS can modulate the levels of specific cytokines and antibodies [97]. COS inhibits the
release of nitric oxide in LPS-induced RAW 264.7 cells and BV-2 microglia, diminishes the
glycerol-induced inflammatory response in rat kidneys, and decreases organ failure in
LPS-induced sepsis [98,99].

Glycoprotein YKL-40 promotes angiogenesis and functions as a negative regulator
of the inflammasome. The high-affinity binding of N-acetylglucosamine to YKL-40 and
subsequent stimulation of chondrocyte proliferation could be used as a novel therapeutic
strategy for treating inflammatory rheumatoid diseases [100]. In treating rheumatoid
arthritis, it may be beneficial to elucidate the proinflammatory mechanism of COS [101].
COS could be considered as a new functional diet for IBD patients based on the observations
from the animal study. Orally administered COS decreased the shortening of the colon
length and tissue injury in mice and controlled inflammation in the colonic mucosa [90].

These research findings based on the above-mentioned hypothesis indicate that
COS can induce an anti-inflammatory effect by inhibiting cyclooxygenase and reduc-
ing prostaglandins. However, additional research is required to determine the effect on
more extended inflammatory periods and the bioavailability of these substances.
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4.4. Chitooligosaccharides and Their Anti-Obesity Activity

Obesity is a chronic trophic metabolic disorder primarily caused by an energy im-
balance, resulting in the buildup of excess body fat. Obesity is associated with type 2
diabetes (T2D), hyperlipidemia, hypertension, cerebrovascular events, and cancer [102].
COS has excellent water solubility and lower viscosity than chitosan, and the intestine
more easily absorbs it. In animal models, COS has also been shown to induce weight loss,
lower triglyceride and cholesterol levels in serum, and prevent lipid buildup in hepatocytes
and adipose tissues [103,104]. COS has demonstrated enhanced intestinal absorption, and
studies have been performed to investigate its potential to reduce weight gain, blood triglyc-
eride/cholesterol levels, and lipid buildup in the liver and adipose tissues [25,105,106].
COS anti-obesity activity has been the subject of numerous hypotheses, but its precise
mechanism has not been fully elucidated. For instance, COS may block enzymes or interact
with bile acids, resulting in decreased fat absorption and increased fecal fat excretion [107].

When obese rats were fed COS, higher amounts of high-density lipoproteins or cardio-
protective lipid-containing particles were discovered than in control rats. These lipoproteins
and particles are responsible for removing excess cholesterol from tissues and transporting
them to the liver [103]. Low-MW COS appears to be more effective in increasing plasma
and hepatic lipoprotein lipase activity [108]. The evidence obtained using mouse mod-
els suggested that COS inhibited the expression of apolipoprotein B, which reduced the
amount of cholesterol found in the serum [109]. Comparing the anti-obesity activity of
COS and resistant starch (RS) to their combination, COS–RS, in rat models of induced
obesity and dyslipidemia, COS–RS displayed the most significant fat and lipid-lowering
benefits, followed by COS and RS [110]. Their examination of RNA sequencing revealed an
increased conversion of cholesterol to bile acids. COS reduces triglycerides, total choles-
terol, low-density lipoprotein cholesterol serum levels, and the expression of endoplasmic
reticulum stress pathway-related factors (GRP78, GRP94, ATF4, and CHOP), and increases
oxidative lipid catabolism [111]. This effect may be mediated by metabolites or directly by
the molecules themselves. These findings underline the significance of developing COS as
a potential drug derived from natural products for the prevention and treatment of obesity.

4.5. Chitooligosaccharides as Antidiabetic Agents

COS has demonstrated the potential to protect β cells from excessive glucose by
promoting pancreatic cell proliferation, resulting in enhanced insulin production to lower
glucose levels [112,113]. Reducing blood glucose levels and restoring normal insulin
sensitivity were among the documented benefits of COS therapy for diabetic rats [113].
COS possesses antidiabetic properties and may reduce diabetes mellitus (DM) incidence
by affecting the glucose–lipid metabolic balance and glycemic control [114]. Additionally,
COS therapy can potentially improve the general health of diabetic rats, alleviate diabetic
symptoms, bring blood glucose levels back to normal, and restore normal insulin sensitivity.

In addition, chitooligosaccharides can stimulate the multiplication of beta cells and
restore the functional capacity of injured beta cells. COS has been shown to promote
the overgrowth of beta cells and isolated pancreatic islet cells, in addition to increasing
insulin release from pancreatic cells [113]. Chitooligosaccharides have the potential to
significantly increase the rate of proliferation of pancreatic islet cells. In diabetic mice, it
was also found that dietary COS reduced hyperglycemia by activating hepatic glucoki-
nase and increasing peripheral tissue glucose uptake, as well as by increasing pancreatic
insulin secretion and improving skeletal muscle glucose uptake [115]. In a study using
streptozotocin (STZ)-induced diabetic rats, COS was able to treat hyperglycemia at a dose
of 1000 mg/kg by lowering fasting serum glucose and insulin levels, thus improving O-
glycosyltransferase (OGT), enhancing the index of insulin sensitivity, and reducing insulin
resistance [116]. Additionally, COS significantly increases the amount of glycogen in the
liver by increasing glucokinase, which facilitates the transfer of blood glucose into liver
glycogen. Low-molecular-weight COS also increases the plasma adiponectin levels in
prediabetic subjects [117].
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Significantly elevated serum glutamic pyruvic transaminase (SGOT) and serum glu-
tamic pyruvic transaminase (SGPT) activities were observed in alloxan-induced diabetic
mice. As blood levels of amino acids increase, gluconeogenesis and ketogenesis increase,
which results in enhanced transaminase activity in the absence of insulin [118]. After re-
ceiving COS (10 mg/kg), the liver function indicators SGOT and SGPT returned to normal
levels, indicating that the liver was functioning normally.

Chronic hyperglycemia may be acquired, consequent to the failure of peripheral
tissues to utilize glucose properly. Glucose transporter type 4 (GLUT-4) is a vital glucose
transporter and regulator of its metabolism found in skeletal muscles and adipocytes. The
expression of GLUT-4 was decreased in adipose and skeletal tissues in a diabetic animal
model [119]. The treatment of the diabetic animals with COS caused a significant increase
in GLUT-4, which might upregulate GLUT-4 mRNA expression, thereby improving insulin
resistance. COS may have therapeutic effects on type 2 diabetes due to its capacity to boost
liver glycogen production and GLUT-4 gene expression in soleus muscle and adipose to
ameliorate insulin resistance. COS, on the other hand, exhibited an antidiabetic impact
by stimulating proliferation, increasing insulin release and GLUT-2 mRNA levels, and
protecting against STZ-induced apoptosis in β cells. In addition, COS activities, such as
enzyme inhibition, antioxidant activity, and immunomodulation, may assist non-obese
diabetic mice in avoiding the development of type 2 diabetes mellitus, which promotes the
preservation of pancreatic β cells and the standardization of the vital insulin secretion [120].

4.6. Chitooligosaccharides in Osteoporosis

Supplemental chitooligosaccharides are beneficial in calcium-deficient states, such as
osteoporosis. Supplementing animals’ diets with COS has been shown to improve calcium
bioavailability in rat osteoporosis models induced by ovariectomy and concomitant low
calcium intake [121]. A substantial reduction in the serum levels of inflammatory cytokines
was observed after the oral administration of COS to older persons [122]. The mechanism
behind the possible antiosteoporotic effect of COS was thought to be connected to its
anti-inflammatory properties. Additionally, others have reported that COS suppressed the
synthesis and expression of proinflammatory mediators in vitro [121,123].

The antiosteoporotic effect of COS may be partially explained by its anti-inflammatory
effect via the downregulation of COX-2 expression levels, which provides additional
evidence for the efficacy of selective COX-2 inhibition in preventing bone loss in estrogen-
deficient animals and postmenopausal women [124]. The mineralization process and bone
density depend on Ca2+, which provides structural support. There is evidence that COS
causes an increase in bone calcium deposition [121,125]. Jung et al. [121] discovered that
COS effectively inhibited the development of insoluble calcium-phosphate salts, enhancing
Ca2+ bioavailability and bone strength. COS (5 kDa) enhanced calcium retention and
lowered bone turnover in a rat osteoporosis model, indicating that COS may have favorable
effects as a calcium supplement in Ca2+ shortage, such as osteoporosis.

4.7. The Antihypertensive Effect of COS

COS can effectively control hypertension by inhibiting renin or angiotensin-converting
enzyme activity. COS is an angiotensin-converting enzyme (ACE) inhibitor since the active
binding site of ACE is positively charged and contains hydrogen-bond acceptors and zinc
as a cofactor. Hong et al. [126] evaluated the ACE inhibitory actions of COS with varying
degrees of polymerization from 1 to 10 and found that the chitotriose (DP = 3) derivative
was the most potent. Studies have shown that the DD is inversely proportional to the
ACE inhibitory activity of COS or its derivatives [127,128]. Carboxylated and sulfated
COS have been synthesized, and it has been observed that they possess a significantly
greater inhibitory action against ACE than unmodified COS [127,128]. It is believed that an
increase in negative charges on the molecule is responsible for the improved binding of this
modified COS to the integral active site of the enzyme, thereby boosting its ACE inhibitory
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action. The aminoethyl-conjugated COS exhibited enhanced ACE inhibitory action due to
the formation of hydrogen bonds, which promotes COS binding [129].

4.8. Chitooligosaccharides and Alzheimer’s Disease

The pathological changes in Alzheimer’s disease (AD) are caused by neuronal apop-
tosis, and neuronal protection is crucial in treating it [130]. A study conducted to explore
the neuroprotective effect of COS against AD showed that COS significantly decreased
amyloid beta-induced cell apoptosis by reducing the expression of caspase 3 and Bax/Bcl-2
ratio activation [131]. COS significantly reduced the neuronal damage caused by oxidative
stress and glucose deprivation, and these findings imply that COS has the potential to serve
as a neuroprotective agent against neurodegenerative diseases, such as Alzheimer’s dis-
ease [132]. The protein expression and acetylcholinesterase activity produced by amyloid
β peptide in PC12 cells were inhibited by COS, which was revealed to be the first stage
in the pathogenic cascade of AD [133]. A mouse model demonstrated that COS could be
a valuable drug for treating sciatic nerve injury and reducing scar tissue formation [134].
Evidence shows that COS could have neuroprotective effects by reducing oxidative stress
and neuroinflammatory responses [135].

4.9. Chitooligosaccharides as Antitumor Agents

Chitooligosaccharides and their derivatives have demonstrated potent antitumor
activity against human cancer cells [136]. Though limited information is available on the
antitumor mechanisms of COS, some hypotheses have been proposed (Figure 5). Initially,
the mechanism of anticancer activity was linked to the cationic character of COS; however,
it was later hypothesized that relative molecular weight was also a crucial factor [137].
The tumor-inhibiting effect of COS is likely a result of its ability to induce lymphocyte
cytokines via promoting T-cell proliferation. The antitumor mechanism of COS is essentially
enhanced by acquired immunity by increasing T-cell differentiation to boost cytotoxicity
and preserve T-cell activity [138]. COSs are naturally occurring polysaccharides with a
cationic charge; they can promote the apoptosis of numerous cancer cells, including liver
cancer, breast cancer, cervical cancer, kidney cancer, lung cancer, leukemia, and colorectal
cancer cells [25]. COS with a cationic charge can absorb tumor cells by modifying their
permeability through electrostatic contact. The binding of COS to tumor cell membranes
and subsequent changes in the ionic environment cause alterations in the permeability of
tumor cells [139]. However, due to the mutual repulsion between COS and healthy cells
with a uniform positive charge, only tumor cells are targeted, not healthy ones.

The antitumor activity of COS is linked to its ability to stimulate cytokine produc-
tion through enhanced T-cell proliferation. It was established that COS could prevent
tumor growth via immune-boosting actions [140]. Immunostimulatory activities of chi-
tooligosaccharides indirectly contribute to tumor suppression by boosting the generation
of lymphokines, inducing lymphocyte factors, and stimulating the proliferation of cy-
tolytic T lymphocytes, hence producing an antitumor effect [95,141]. Furthermore, COS
can inhibit tumor angiogenesis by inhibiting the expression of matrix metalloproteinase-
9 (MMP-9), which in turn inhibits the expression of vascular endothelial growth factor
(VEGF) [142]. MMP-9 is an essential component in cancer invasion and metastasis, and the
upregulation of MMP-9 expression may lead to the release of VEGF and the formation of
angiogenesis [143]. Additionally, by inhibiting the production of VEGF and urokinase-type
plasminogen activator in vascular endothelial cells, COS increases its ability to inhibit
tumor angiogenesis [144].
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Aminoethyl-chitooligosaccharides are made by replacing the hydroxyl group at C-6
with an aminoethyl group, and they were found to inhibit cell invasion and metastasis [145].
Necrosis was also found to be the principal mechanism by which a highly charged COS
derivative inhibits the growth of cancer cells, according to a study analyzing DNA frag-
ments [139]. However, low-molecular-weight COS and N-acetyl-d-glucosamine oligomers
(NACOS) can potentially cause apoptosis in cancer cells [146,147]. COS also inhibits tumor
progression by modulating key pathways in malignant growth, such as the suppression of
β-catenin, mTOR, pyruvate kinase, and ornithine decarboxylase; the activation of caspase
3 in tumor cells; and the stimulation of interferon gamma (IFN-γ) and IL-12 secreted by
natural killer (NK) cells [148].

Several potential mechanisms were explained based on the animal studies. COS-based
drug delivery and therapy systems for anticancer applications have great potential if novel
synthesis methodologies and a cost-effective strategy can be developed. Future research is
required to investigate the molecular mechanism of COS on cancer cells and its effect on
signaling pathways.

4.10. Chitooligosaccharides in Wound Healing

Hemostasis, inflammation, proliferation, and remodeling are some stages of the wound
healing process that are influenced by the immunostimulating properties of materials that
aid in healing, such as proinflammatory cytokines, inflammatory cells, and growth fac-
tors [149]. As a result, the demand for biomaterials with superior biological properties, such
as antibacterial, antioxidant, and anti-inflammatory properties, has increased exponentially.
The improved biological properties of COS, including cytocompatibility, antibacterial, an-
tioxidant, anti-inflammatory, and immunostimulatory activities, may speed up the wound
healing process. As a result of its beneficial biological actions, including antimicrobial
protection, increased permeability to air and moisture, cellular adhesion, and cell pro-
liferation, COS is a promising therapeutic agent in the treatment of tissue damage and
wound healing.

The overexpression of miR-27a and the activation of the transforming growth factor-
beta (TGF-β)-1-Smad2/3 pathway are two potential mechanisms of COS in the acceleration
of wound healing and tissue regeneration [150]. COS is combined with other biopolymers
for wound healing due to its low molecular weight. In addition to its biological properties,
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COS can promote wound healing by enhancing a wound dressing’s water absorption,
flexibility, and mechanical strength.

However, the ability of COS to heal wounds is affected by its molecular weight and
degree of acetylation [151]. The local injection of immunostimulatory COS into wounds
could stimulate the production of growth factors and the migration of keratinocytes,
both of which are essential for wound healing [152]. COS, which shares the same chain
length as oligonucleotides, possesses higher immunostimulatory activity and enhances
the activity of macrophages. In COS-dressed wounds, the more significant migration of
macrophages to injured tissues stimulates the development of type-III collagen, expediting
the healing process.

The wound healing activity of oxidized alginate-gelatin hydrogel was enhanced using
COS and salicylic acid conjugates. Collagen proliferation at the wound sites was accelerated
by the COS conjugate, leading to quicker healing [153]. Applying COS to the locations
of sciatic nerve lesions demonstrated the drug’s multifaceted impact on healing. The
restoration of nerve function was accelerated by COS because it decreased the ratio of type
I to III collagen, which boosted axon regeneration and slowed axonal demyelination. COS
was discovered to slow the proliferation of fibroblasts, an essential component of scar tissues
that prevents axonal regeneration [134,151]. COS has been found to induce the formation of
type I and III collagen in wounds, repair injured nerves, expedite hemostasis, and protect
against infections, making it an effective wound healing agent [153,154]. Combining
medications, such as curcumin with COS, enhances their therapeutic efficacy [155]. COS
is, therefore, superior to chitosan because it possesses a more potent biological activity
without modification [153,154].

4.11. Chitooligosaccharides in Tissue Engineering

Cells, composite scaffolds, and signaling molecules are the three essential components
for producing substituted tissues that repair, replace, or regenerate damaged tissues or
organs. COS is comparable to glycosaminoglycans, a crucial part of the extracellular matrix
of a cell (ECM). As it can create an environment that closely resembles the ECM, allowing for
cell attachment and the preservation of growth factors, this makes it successful for scaffolds
in tissue engineering applications [156]. In the creation of bone tissue engineering scaffolds,
natural polymers, such as gelatin and COS, have been used. By regulating the genes that
control osteoblast proliferation in bone tissues, COS has been shown to stimulate neuronal
differentiation in PC-12 nerve cells [157]. Gelatin–COS scaffolds that were cultivated with
mesenchymal stem cells (MSCs) obtained from bone marrow and capable of osteogenic
differentiation demonstrated promising outcomes in the production of bone tissue [158].
Within two weeks of implantation, cell proliferation was observed inside the scaffolds;
homogenous collagen distribution within the pores and calcium deposition on the scaffolds’
surfaces indicated that the cells had successfully proliferated [159]. An increase in COS
content caused the cross-linking density to decrease, which allowed the scaffolds to swell to
more than twice their dry size and made them more permeable to cells. The COO−, C—O,
and amino groups present in COS serve as nucleating sites for hydroxyapatite crystals [158].

Single-walled carbon nanotubes (SWCNTs) have been added to synthetic composite
materials as alternatives to bone grafts. By enhancing SWCNT implants with organic
polymers, such as chitosan and COS, it is possible to keep the graft in constant contact with
the tissues, which speeds up bone tissue formation and eliminates the need for additional
procedures [160]. A collagen the COS scaffold that was created to act as a synthetic skin
tissue was discovered to have improved resistance to collagenase and other deteriorating
enzymes. Collagenase would quickly degrade artificial collagen if used alone; hence,
collagen was combined with COS to create densely linked microporous structures with
enhanced mechanical characteristics [161]. In contrast to pure collagen scaffolds, scaffolds
made with COS showed a higher rate of fibroblast growth.
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4.12. Chitooligosaccharides in Drug Delivery

COS has excellent potential for usage in drug delivery systems (DDSs) due to its non-
toxicity, biodegradability, and solubility in water [154]. Due to its solubility at physiological
pH, the water solubility of COS is generally more effective for drug administration [162].
Recently, a novel alternative to red blood cells has been developed using a pectin-based
COS–hydrogel microcapsule carrier designed to transport hemoglobin [163]. Oligosaccha-
rides were used to extend the shelf life of these therapeutic drugs by several months. With
COS of a 95% degree of deacetylation (DD) and an MW of 10 kDa, non-biodegradable
polyethylene glycol (PEG) and cyclodextrin inclusion complexes are converted into hydro-
gels capable of transporting drugs.

MW and DD are influential parameters for modulating the actions of COS, offering
a strategy to improve its efficacy in drug delivery systems (DDSs) [164]. COS is more
significantly absorbed through negatively charged mucous membranes of tissues because
it is more capable of binding under these situations [165]. DD also controls binding; at a
low MW, the effect of DD on charge density is more substantial [28,166]. This may have a
positive influence on the interaction of COS with oppositely charged copolymers or active
medicines; nevertheless, the considerably stronger interactions can harm cell viability [167].
Therefore, when utilizing COS with a high DD in drug delivery, it is necessary to monitor
and optimize the dosage rate to limit cytotoxic effects [164].

After combining it with the aqueous copolymer solution, COS is used as a hydrogel
precursor to speed up the production of cyclodextrin hydrogel, which can be completed
in as little as five minutes. Due to the synergistic interaction between hydrated COS and
hydrophobic aggregated inclusion complexes of cyclodextrin with an MPEG-PCL graft and
unbound PCL blocks, rapid gelation resulted in the formation of a stable supramolecular
hydrogel. This was attributed to the hydrogel containing unbound PCL blocks [168].
Mahato et al. (2020) created hydrogel systems based on PVA and COS for drug delivery
applications. In addition, the antibacterial agent lomefloxacin was added to the hydrogels,
and sustained drug release was observed [169].

The decrease in chitosan’s molecular weight increases its affinity for polyanionic com-
plexes and mucosal membranes. This may increase the uptake rate of COS-based DDS
through targeted tissues due to the substance’s increased retention at the location [170].
Garaivo et al. [171] determined that chitosan oligomers are superior to chitosan for the
intracellular delivery of genes because they are not taken up by endocytic vesicles coated
with the clathrin protein, which transfers the polyplexes to the lysosome for degradation.
This is the fate that linear chain chitosan-DNA nanoplexes typically face. The graft copoly-
mer is created by graft–diblock copolymers of amphiphilic polyethylene glycol methyl
ether and polycaprolactone onto hydrophilic COS.

5. Conclusions and Future Prospects

Chitooligosaccharides are derived from the deacetylation and depolymerization of
chitin or chitosan through physical, chemical, or enzymatic hydrolysis. Though several
methods can be used to convert chitin and chitosan, the lack of a standard method to obtain
highly pure COS with a stable DP for large-scale applications is challenging. COS with
a varying MW, DP, and concentrations has been shown to possess various therapeutic
effects, including antimicrobial, antitumor, immunoregulatory, and antioxidant activities,
which can potentially treat and prevent diseases, such as cancer, diabetes mellitus, car-
diovascular disease, and infectious diseases. In addition, due to the cationic sphere on
the more exposed shorter N-glucosamine units, COS is absorbable through the intestinal
epithelium and displays a greater amount of cellular transduction. Despite its widespread
use, its stability, safety, and purity have not been proved successful. At present, limited
information is available on the definitive impacts of the physicochemical properties of COS
on various biological functions and the molecular mechanisms underlying bioactivities.
Examining the molecular structure of COS, which is accountable for its biological activity,
is essential for comprehending its process. Several studies on the biological activities of
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COS and its toxicities were performed in cell and animal models and using COS mixtures
or purified COS with insufficiently defined chemical characteristics. Future investigations
and translational research should investigate COS therapeutic effects and toxicity profiles
with well-defined chemical characteristics in either large animal models or human subjects.
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ACE Angiotensin-converting enzyme
LPSs Lipopolysaccharides
AD Alzheimer’s disease
MAPKs Mitogen-activated protein kinases
AP-1 Activator protein 1
MMP-9 Matrix metalloproteinase 9
COS Chitooligosaccharide
MSC Mesenchymal stem cell
COX Cyclooxygenase
MW Molecular weight
DA Deoxycholic acid
NaBH4 Sodium borohydride
DD Deacetylation degree
NACOSs N-acetyl-d-glucosamine oligomers
DD Degree of deacetylation
NaNO2 Sodium nitrite
DDSs Drug delivery systems
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
DM Diabetes mellitus
NK Natural killer
DP Degree of polymerization
OGT O-glycosyltransferase
ECM Extracellular matrix
PEG Polyethylene glycol
GlcN Glucosamine
ROS Reactive oxygen species
GlcNAc N-Acetylglucosamine
RS Resistant starch
GLUT-4 Glucose transporter type 4
SGOT Serum glutamic pyruvic transaminase
H2O2, Hydrogen peroxide
SGPT Serum glutamic pyruvic transaminase
HCl Hydrochloric acid
STZ Streptozotocin
IFN-γ Interferon gamma
SWCNTs Single-walled carbon nanotubes
IL Interleukin
TGF-β Transforming growth factor beta
iNOS Inducible nitric oxide synthase
TNF Tumor necrosis factor
LMWCs Low-molar-mass chitosans
VEGF Vascular endothelial growth factor
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Abstract: This paper reports on multiple stage bleaching and its effect on the mechanical and swelling
properties of compressed wood (CW). The natural wood specimen was bleached with NaClO2 in
five steps and three hot-pressing conditions. Their effects were investigated in morphologies: lignin
content, alpha-cellulose content, compression ratio, mechanical properties, swelling and, water
contact angle. After compression, the wood specimens became dense and the most porous structures
collapsed. The lignin content decreased as the bleaching steps progressed, and the highest alpha-
cellulose content was observed at the third bleaching step. This CW showed the best mechanical
properties: bending strength was 240.1 ± 35.7 MPa, and Young’s modulus was 23.08 ± 0.89 Gpa.
The CW swelling decreased as the bleaching step progressed, and was associated with the density
decrease and the compression ratio increase with the bleaching step. The B3 is an optimum bleaching
step that accounts for the best mechanical properties, which might be associated with the highest
alpha-cellulose content.

Keywords: compressed wood; bleaching; lignin content; alpha-cellulose; swelling

1. Introduction

Wood is one of the polymer matrix composites nature produces. In total, 4–5 billion
cubic meters of wood are harvested annually for various applications such as houses,
furniture, construction, ships, bridges, pulp and papers, and many others [1]. Due to its
organic cell-type structure, the specific strength and stiffness in certain cases of wood can
reach notable values competitive with other construction materials, such as low carbon
steel and aluminum alloys [2]. Compressed wood (CW), or densified wood, has been
investigated for a long time, and there have been many reported applications of CW,
including flooring products [3]. CW can reduce the porosity or void space of the wood
and make highly compact wood, leading to better mechanical properties. There are many
different approaches for fabricating CW [1,3–9]: thermo-hydro-mechanical (THM), thermo-
mechanical, heat treatment, chemical, surface densification, steam treatment, non-steaming
densification, and so on [10,11]. The thermo-mechanical method uses an open hot- press
without controlling the humidity and moisture content. Densified wood showed great
strength, low price, good stability, and an environmentally friendly character [11].

In CW, lignin removal and the compression condition are important for improving
the mechanical properties. Yano’s group bleached wood with sodium chloride and then
infiltrated it with phenol-formaldehyde resins [12], such that the tensile strength was
improved from 317.4 MPa to 453.7 MPa, and Young’s modulus from 26 GPa to 39 GPa.
They reported that the wood specimen’s weight loss is from 14 to 24%, mainly from
lignin and hemicellulose. However, they did not report the lignin and cellulose content
after bleaching. Song et al., 2018 [13] densified the wood with sodium hydroxide and
sodium sulfite bleaching followed by compression at 100 ◦C and 5 MPa for one day. The
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CW exhibited a great improvement in the tensile strength from 100 MPa to more than
400 MPa. As the lignin content decreased from 20.8% to around 0.13% by cooking with
sodium hydroxide and sodium silicate, the cellulose content reduced from 44.01% to
31.2%. Fang et al., 2012 [6] adopted different temperature and steaming conditions for
preparing CW. Using different heating temperatures from 140 ◦C to 220 ◦C and the pressure
from 4.5 MPa to 9.0 MPa, the tensile strength increased from 50–70 MPa to 150 MPa.
Fang et al., 2020 [14] also reported that CW could gain super mechanical properties using
sodium hydroxide and anthraquinone: 1.13 GPa of tensile strength and 50–60 GPa of
Young’s modulus. The lignin content reached around 1% after several hours.

There has not been any detailed research on the bleaching condition effect on the
alpha-cellulose content that influences mechanical properties of CW, although the lignin
content effect of CW has been reported. According to previous reports, the lignin content
is very broad, from 0.13 to 14%, and the cellulose content of CW was not thoroughly
investigated for improving the mechanical properties. Thus, this report focuses on multiple-
stage bleaching and its effect on CW’s mechanical and swelling properties. The influence
of the lignin and cellulose contents was studied to improve the mechanical properties.
Lignin is more hydrophobic than cellulose; thus, non-bleached wood absorbs less water
than bleached wood. Due to lignin removal, bleached wood absorbs water easily and
becomes unstable during humidity changes. Thus, the swelling properties are investigated
with the lignin content and cellulose content. A bleached wood surface can easily absorb
water as lignin was partially or mostly removed. However, the waterproof nature of CW
is important for its applications. Thus, the water contact angle (WCA) of the prepared
CW is measured. Lastly, the density changes and the hot-pressing conditions are also
studied to monitor their effect on CW. In order to bleach wood, various bleaching agents
or methods are used, such as NaOH, Na2SO3, NaClO2, H2O2, or UV-assisted bleaching
methods. Song et al., 2018 [13] used NaOH and Na2SO3 under a boiling condition to
remove lignin. Xia et al., 2021 [15] used a UV-assisted bleaching method to decolorate
wood. NaClO2 is popularly used for bleaching wood [12,16,17].

In this research, NaClO2 was selected for the bleaching process, and the detailed CW
preparation process was explained. The specimens’ morphologies were characterized using
field-emission scanning electron microscopy (FESEM). The lignin content, alpha-cellulose
content, compression ratio, and swelling ratio were examined, and the three-point-bending
(TPB) test was performed to characterize the mechanical properties.

2. Materials and Methods
2.1. Materials

Pinewood (Pinus koraiensis) was purchased from a local market in Korea. The wood
specimen size was 150 × 50 × 15 mm3, and the grain direction was unidirectional along the
longitudinal: 150 mm was the longitudinal direction, 50 mm was the tangential direction,
and 15 mm was the radial direction. The wood sample was then dried in an oven drier
at 103 ◦C for several days before the experiment. Sodium chloride (NaClO2), sodium
acetate (CH3COONa), and acetic acid (CH3COOH) were purchased from Sigma Aldrich.
All chemicals used were analytical reagent grade (purity > 99%) and were used as received.

2.2. Methods
2.2.1. Bleaching Process

Figure 1 shows the CW preparation process consisting of bleaching and hot pressing.
The bleaching condition adopted from Yano et al., 2001 [12] was modified by having
multiple steps as follows:

• Step 1: 1% of NaClO2 was adjusted pH to 4–5 with acetic acid-sodium acetate buffer,
then the sample was bleached at 80 ◦C for 12 h. The bleached wood was washed under
running water for around 2 h and kept in a water bath for a day. After washing, the
sample was kept in an oven drier at 40 ◦C for 1–2 days before proceeding to the next
bleaching step.
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• Step 2: In total, 2% of NaClO2 was adjusted to a pH of 4–5 with acetic acid-sodium
acetate buffer, then the sample was bleached at 80 ◦C for 12 h. The bleached wood was
washed under running water for 2 h and kept in a water bath for a day. After washing,
the sample was kept in an oven drier at 40 ◦C for 1–2 days before proceeding to the
next bleaching step.

• Step 3: Step 1 was repeated.
• Step 4: The sample was kept in 0.1% NaOH suspension for 1 day at room temperature,

and then it was washed under running water for 2 h, followed by a water bath for
1 day. After washing, the sample was kept in an oven drier at 40 ◦C for 1–2 days before
processing to the next step.

• Step 5: Step 1 was repeated.
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Figure 1. Compressed wood preparation process.

The pristine wood specimen was named “NW.” After Step 1 finished, the specimen
was called “B1”. Likewise, the specimens were named B3, B4, and B5 after finishing Steps 3,
4, and 5. Since Step 2 was the same as Step 1, except for different NaClO2 content, it was
not much different, and the specimen was not prepared.

2.2.2. Compressed Wood Preparation

The bleached wood specimens were hot-pressed using a hot-pressing machine (SB3651,
HY Industry, Incheon, South Korea) for preparing CW. The hot-pressing machine is a
hydraulic-type machine, and the hot-press machine’s maximum hydraulic pressure is
limited to 10 MPa. The cylinder area is 0.0195 m2. Generally, hot pressing is governed by
temperature, pressure, and time. Two temperature conditions were tested for hot pressing:
100 and 150 ◦C. However, the 150 ◦C for 8 h was so high that the CW surfaces were always
burned. Thus, the temperature was fixed to 100 ◦C.

The machine’s hydraulic pressure was made only for 5 MPa and 10 MPa, and the
hot-pressing time was varied to 4, 8, and 16 h. The pressure and the time variations have
six combinations, which are too many cases. According to our preliminary observation,
the pressure and time exhibited a similar effect: as the pressure and time increased, the
compression increased. Thus, these hot-pressing conditions were accelerated by choosing
the following conditions: 5 MPa and 4 h, 10 MPa and 8 h, and 10 MPa, and 16 h. Note that
the hydraulic pressure values 5 MPa and 10 MPa correspond to the actual compression
pressure of 13 MPa and 26 MPa on the wood specimens. To further increase the compression
pressure, one wood specimen area was reduced to 150 × 25 mm2 such that the compression
pressure was made to 52 MPa. Consequently, the following hot-pressing conditions were
made (in terms of actual compression pressure): HP-1: 13 MPa and 4 h; HP-2: 26 MPa and
8 h; and HP-3: 52 MPa and 16 h. The compression ratio was calculated by:

CR = (ti − tc)/ti (1)

where ti is the initial thickness and tc is the thickness after hot pressing. The prepared
specimens were stored in a desiccator (VESD-350, GoodsGood Co., Ltd., Gyeryong-si,
Chungcheongnam-do, South Korea) at 15% RH and 23 ◦C.
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2.3. Characterization
2.3.1. Morphology

The cross-sectional morphologies of the wood specimens before and after compression
were observed using the FE-SEM (H-4000, Hitachi, Tokyo, Japan). The specimens were
cut by dipping into liquid nitrogen and breaking them. The specimens were coated with
platinum in advance and observed with 10 kV.

2.3.2. Lignin and Alpha-Cellulose Contents

The Klason lignin in the wood was determined by following the TAPPI T 222 om-
02 [18]. In total, 15 mL of 72 wt% sulfuric acid was added to a beaker containing 0.5 g
of wood sample. The wood samples were stirred with a magnetic stirrer for 2 h at 20 ◦C.
After 2 h reaction time, DI water was added to the 72 wt% sulfuric acids to dilute it to
3 wt% sulfuric acid (TAPPI T 222 om-02). The samples were then boiled in a 3-neck flask
for 4 h, and the resultant samples were left to cool in a fume hood overnight and then
filtered. After the reaction, the crucible cup 1G3 was used to collect and clean the remaining
lignin. The collected samples were dried at 105 ◦C, and the weight of lignin content was
determined by:

lignin (%) = m/M × 100 (2)

where m is the weight of lignin and M is the oven-dried weight of the specimen.
The alpha-cellulose content was characterized according to Hai et al., 2013 [19]. In

brief, a one-gram oven-dried weight of bleached cellulose was treated in 25 mL of 17.5%
NaOH at room temperature and mixed for 30 min. Then, 25 mL of deionized (DI) water
was added to stop the reaction and then washed through glass filers with DI water, after
which point 10 mL of 10% acetic acid was added for 5 min and washed with DI water
to neutralize it using a vacuum pump. The washed sample was kept in an oven drier at
105 ◦C overnight and its alpha-cellulose content was determined.

2.3.3. Mechanical Property

The TPB test was carried out using a tensile test machine (TEST ONE, South Korea)
with the TPB test fixture. The distance between the two holding bars was 100 mm, the
TPB specimen size was 150 × 10 mm2,, and the thickness ranged from 2.81 to 6.05 mm
depending on different bleaching steps and hot-pressing conditions. The TPB test was
carried out at 1 mm/min crosshead speed. The tensile test system automatically calculated
the bending strength, strain-at-break, and Young’s modulus from the given dimension from
the stress-strain curves. At least five samples were tested for each case. All wood specimens
were kept in a humidity-controlled chamber (30% RH and 25 ◦C). Samples were kept in
a humidity and temperature-controlled box. The mechanical properties of the samples
were characterized using a tensile test machine (TEST ONE, Siheung-si, Kyunggi-do, South
Korea) with a humidity/temperature-controlled chamber.

2.3.4. Swelling Ratio

The swelling test was performed to address the stability of the materials under high
moisture content. The CW specimens prepared under HP-3 with different bleaching
conditions were placed in the humidity-controlled chamber set to 90% RH and 25 ◦C for
8 h. The swelling ratio was found by:

Swelling Ratio (%) = 100 × (ts − ti)/ti (3)

where ts represents the thickness after swelling and ti is the initial thickness.

3. Results and Discussion
3.1. Morphology

Figure 2 shows the cross-sectional FESEM images of the bleached wood specimensthat
showed high porosity. As the bleaching steps progressed, more pore structures were
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observed. Figure 3A–D represents the cross-sectional FESEM images of the CW specimens
with HP-3 condition. After compression, the wood specimens became dense and the most
porous structures collapsed. The voids in the porous structure were retained in some
regions, but most of the voids disappeared. Figure 3E–I shows the photographs of wood
specimens for natural wood (E), compressed natural wood with different temperatures at
120 ◦C, 150 ◦C and 180 ◦C under 5 MPa pressure (F-H), and a B3 compressed specimen at
100 ◦C and 5 MPa. When the hot-pressing temperature was over 100 ◦C, the specimens
were burnt. Thus, 100 ◦C was chosen for the hot-pressing temperature.
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(C) B4, and (D) B5; Photographs of wood specimens (E–I): (E) natural wood, (F–H) compressed
natural wood at 120 ◦C, 150 ◦C, and 180 ◦C under 5 MPa, (G) compressed B3 at 100 ◦C and 5 MPa.

3.2. Lignin and Alpha-Cellulose Contents

Lignin and alpha-cellulose contents were examined under different bleaching con-
ditions, and the results are shown in Figure 4. The lignin content of the natural wood
was initially 30.3%, but after bleaching, it decreased to 24.5%, 15.0%, 10.7%, and 5% as the
bleaching steps progressed to B1, B3, B4, and B5, respectively. Decreasing the lignin content
was natural as the bleaching steps progressed. At the same time, the alpha-cellulose content
changed to 78.9%, 80.4%, 80%, and 76.7% for B1, B3, B4, and B5. The B3 and B4 specimens
showed higher alpha-cellulose content than the B1. The B5 was the lowest alpha-cellulose
content, attributed to over-bleaching. Wood degradation can happen when over-bleaching
is done, and thus, the low molecular weight cellulose can be dissolved, leading to lower
alpha-cellulose content. The alpha-cellulose content in this research is higher than the
holocellulose content reported by several researchers [20,21]. It might be because alpha-
cellulose content in this research relied on each bleaching stage using NaClO2. One stage
bleaching using NaClO2 should remain hemicellulose and lignin contents, which were not
possible by simple 17.5% NaOH use in the alpha-cellulose analysis.
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3.3. The Compression Ratio

The bleached wood specimens were hot-pressured at 100 ◦C under HP-1, HP-2, and
HP-3 conditions. Figure 5 represents the compression ratio to the bleaching and hot-
pressing conditions. As the bleaching steps increased, the hot-pressing pressure, the time,
and the compression ratio increased. The natural wood specimen had a 58% compression
ratio under the HP-1 condition, termed “NW+P”. It was elevated from 61.7% to 72.4% as
the bleaching step progressed from B1 to B5. By increasing the hot-pressing pressure and
time to HP-3, the compression ratio increased from its initial value of 68.2% to 77.5%. The
compression ratio reached over 77% when the bleaching conditions were B3, B4, and B5
under the hot-pressing conditions. It revealed that under the HP-3 condition, the bleaching
step over B3 gives the highest compression ratio.
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Note that the compression pressure of 52 MPa of the HP-3 condition is just over
the compression yield strength of the wood in the transverse direction, 50 MPa [2]. The
compression pressure should maintain the yield strength in the transverse direction of the
wood to permanently acquire the collapsed deformation. In addition, the hot-pressing
time should be long enough to fully collapse the cell wall and hydrogen bond it in the
transverse direction. The longer the time, the better the CW’s hydrogen bond might be
formed. However, long compression time consumes much energy, which is not economical.
Thus, 16 h of HP-3 might be enough for forming CW. As a consequence, HP-3 was an
optimum condition for the hot pressing of CW.

3.4. Three-Point Bending Test

The mechanical properties of the wood specimens were investigated using the TPB
test. Three hot-pressing conditions (HP-1, HP-2, HP-3) and four bleaching conditions
(B1, B3, B4, B5) in addition to the natural wood pressing one (NW+P) were considered.
Figure 6 shows the stress-strain curves of the wood specimens according to the bleaching
conditions under HP-3 and 100 ◦C hot-pressing conditions. The original NW specimen
was so weak that it was broken at low strength. Its bending strength and Young’s modulus
were 74.1 MPa and 3.7 GPa. The compressed NW (NW+P) was better than the NW: the
first linear region gives it a Young’s modulus of 12.15 GPa, and the second deformation
region was observed near 1.5% strain, which is typical behavior in structural composites
because of filament and matrix failures. The bending strength of NW+P was 142.0 MPa.
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As the bleaching step progressed, the wood specimens increased their Young’s modulus
and bending strength. B3’s bleaching condition exhibited 240.1 MPa bending strength and
23.08 GPa Young’s modulus, which indicates that the CW became much tougher than the
original NW.
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Figure 6. Stress-strain curves of wood specimens under HP-3 hot-pressing conditions (NW: natural
wood; NW+P: natural wood hot-pressed; B1-B5: specimens after 1–5 bleaching steps).

Table 1 represents the bending strength, Young’s modulus, and elongation-at-break
for all hot-pressing and bleaching conditions in addition to the natural wood hot-pressed
case. Figure 7 represents their bending strength trend. The bending strength increased
with the bleaching condition up to B3 and decreased after over-bleaching. HP-3 condition
exhibited better bending strength than other hot-pressing conditions: HP-1 and HP-2.
The highest bending strength of 240.1 MPa was obtained from HP-3 hot-pressing and B3
bleaching conditions.
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Table 1. Mechanical properties of CW specimens prepared by various bleaching and hot-
pressing conditions.

Hot-Pressing
Condition Bleaching Condition Bending Strength

(MPa)
Young’s Modulus

(GPa)
Elongation-at-Break

(%)

Natural wood 74.1 ± 2.9 3.7 ± 0.06 3.23± 0.05

HP-1
(13 MPa and 4 h)

NW±P 78.7 ± 4.3 4.76 ± 0.11 2.10± 0.10
B1 85.0 ± 3.9 5.60 ± 0.19 1.90± 0.24
B3 157.0 ± 17.6 10.60 ± 1.42 2.10 ± 0.24
B4 110.0 ± 16.8 9.88 ± 2.58 1.30± 0.27
B5 140.1± 16.9 11.50 ± 3.94 1.50± 0.16

HP-2
(26 MPa and 8 h)

NW±P 133.7 ± 5.1 9.76 ± 0.02 1.60 ± 0.01
B1 190.1 ± 27.0 17.27 ± 1.90 1.48 ± 0.16
B3 226.0 ± 23.9 24.49 ± 3.30 1.70 ± 0.17
B4 171.1 ± 26.7 22.64 ± 5.8 1.18 ± 0.60
B5 160.0 ± 38.4 18.90 ± 8.04 1.35 ± 0.05

HP-3
(52 MPa and 16 h)

NW±P 142.0 ± 3.9 12.15 ± 2.54 1.54 ± 0.01
B1 195.0 ± 52.2 16.22 ± 4.78 1.62 ± 0.16
B3 240.1 ± 35.7 23.08 ± 0.89 1.97 ± 0.17
B4 142.0± 10.5 17.14 ± 3.48 1.28 ± 0.60
B5 145.0 ± 21.0 17.20 ± 0.28 1.23 ± 0.05

Song et al. [13] Partial lignin removal by
NaOH, Na2SO3

549 42 1.3

Fang et al. [14]
alkaline sulfite-

anthraquinone-methanol
cooking

1000 60.2 3

Paril et al. [4] chemical modification of
gaseous ammonia 160 16 -

Figure 8 shows the Young’s modulus trend of wood specimens. Young’s modulus
increased with the bleaching steps, and after B3, it decreased. The HP-2 condition exhibited
a better Young’s modulus than the other two conditions: HP-1 and HP-3. The maximum
Young’s modulus of 24.49 GPa was obtained at HP-2 hot-pressing and B3 bleaching con-
ditions. Long hot-pressing time might result in an annealing effect such that it decreases
Young’s modulus and increases the strain-at-break and bending strength.

In this paper, the highest mechanical properties of CW were observed at the B3 bleach-
ing condition, where the lignin content was 15.0%. Further proceeding with the bleaching
step can increase the lignin removal, decreasing the mechanical properties due to decreased
cellulose content. Thus, an optimum bleaching step is B3, and further bleaching is not
recommended. Song et al., 2018, reported the best mechanical properties when the lignin
content was 11.3% [13]. Fang et al., 2020 [14], made 3% lignin content to achieve good
mechanical properties. The lignin content that achieves the best mechanical properties may
differ depending on the chemicals and hot-pressing conditions. In terms of mechanical
development, the bleached CW shows good mechanical properties. The strength of NW,
74 MPa reached over 240 MPa after compression, which is over three times high. According
to Song et al. [13], the NW strength of 50 MPa reached over 500 MPa depending on the
bleaching treatment and multilayers compression. Fang et al. [14] reported that the bending
strength of NW, about 50 to 70 MPa, can be reached to 120–140 MPa, depending on the ther-
mal treatment from 160 ◦C to 220 ◦C, whereas Yano et al., 2001, produced transparent wood
with mechanical properties from 317 MPa to 453 MPa, which is combined by compression
and filler reinforcement. Paril et al. [4] reported that the TPB strength of natural wood and
compression wood was from 96 to 160 MPa. It shows that by bleaching and compression,
the bending strength of bleached wood is much better than normal compression wood.
This research presented that compression wood can reach 240 MPa with the three stages
of bleaching treatment. As seen below, parts of Table 1 show mechanical properties of the
previous reports for densified wood samples.
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3.5. Swelling

The swelling test was performed to address the stability of the materials under high
moisture content. The CW specimens prepared under HP-3 with different bleaching
conditions were placed in the humidity-controlled chamber set to 90% RH and 25 ◦C for 8 h.
The CW swelled after bleaching step 1 (swelling ratio = 42%) and monotonically decreased
to 20% as the bleaching step progressed, as shown in Figure 9. The swelling of woods
varies and is closely related to the relative chemical content, morphological structures,
temperature, and relative humidity [22]. The relationship between the carbohydrates
and the other components (e.g., lignin and extractives) on the swelling characteristics of
wood have already been well-documented. It has also been reported that the swelling of
compressed wood increased as the density increased [23]. Figure 9 also shows that the
density decreases as the bleaching step progresses. Note that the density was measured
before compression. The longer the bleaching steps, the higher the lignin and hemicellulose
removal, leading to a highly porous wood structure and low density of the bleached wood.
The swelling decrease might be mainly associated with the density decrease, and the
compression ratio increase as the bleaching step continued. Although B5 has the lowest
lignin content (see Figure 4), it exhibited the lowest swelling ratio.

The weight and density changes of the specimens were measured before and after
compression. Table 2 shows the results. As one can see, the weight significantly decreased
as the bleaching step progressed, which resulted in the original density decrease. The
weight decrease was associated with the lignin and hemicellulose removal by the continued
process. Note that the hot pressing significantly increased the CW densities 3–4 times more
than the original densities. As the hot-pressing condition changed to HP-1, HP-2, and
HP-3, they increased. The CW density ranged between 1.0–1.2 under HP-1 but increased to
1.1–1.4 and 1.3–1.7 under HP-2 and HP-3. The CW density change by the bleaching steps
increased as the hot-pressing condition changed from HP-1 to HP-2 and HP-3. The weight
decrement with the bleaching steps mitigated the volume decrement by the compression
as the bleaching steps progressed. Thus, the CW density change by the bleaching steps was
not significant.

94



Polymers 2022, 14, 2901

Polymers 2022, 14, x FOR PEER REVIEW 11 of 14 
 

 

the other components (e.g., lignin and extractives) on the swelling characteristics of wood 
have already been well-documented. It has also been reported that the swelling of com-
pressed wood increased as the density increased [23]. Figure 9 also shows that the density 
decreases as the bleaching step progresses. Note that the density was measured before 
compression. The longer the bleaching steps, the higher the lignin and hemicellulose re-
moval, leading to a highly porous wood structure and low density of the bleached wood. 
The swelling decrease might be mainly associated with the density decrease, and the com-
pression ratio increase as the bleaching step continued. Although B5 has the lowest lignin 
content (see Figure 4), it exhibited the lowest swelling ratio. 

 
Figure 9. The swelling ratio of CW specimens and density change with bleaching steps. 

The weight and density changes of the specimens were measured before and after 
compression. Table 2 shows the results. As one can see, the weight significantly decreased 
as the bleaching step progressed, which resulted in the original density decrease. The 
weight decrease was associated with the lignin and hemicellulose removal by the contin-
ued process. Note that the hot pressing significantly increased the CW densities 3–4 times 
more than the original densities. As the hot-pressing condition changed to HP-1, HP-2, 
and HP-3, they increased. The CW density ranged between 1.0–1.2 under HP-1 but in-
creased to 1.1–1.4 and 1.3–1.7 under HP-2 and HP-3. The CW density change by the 
bleaching steps increased as the hot-pressing condition changed from HP-1 to HP-2 and 
HP-3. The weight decrement with the bleaching steps mitigated the volume decrement by 
the compression as the bleaching steps progressed. Thus, the CW density change by the 
bleaching steps was not significant. 

Table 2. Density changes of specimens under various bleaching steps and hot-pressing conditions. 

Specimen Weight (g) 
Original 
Density 
(g/cm3) 

Density after 
HP-1 (g/cm3) 

Density after 
HP-2 (g/cm3) 

Density after 
HP3 (g/cm3) 

NW 22.70 0.459 1.104 1.131 1.447 
B1 18.05 0.405 1.059 1.074 1.314 
B3 18.65 0.390 1.101 1.415 1.695 
B4 15.90 0.350 0.986 1.317 1.518 
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Table 2. Density changes of specimens under various bleaching steps and hot-pressing conditions.

Specimen Weight (g)
Original
Density
(g/cm3)

Density after
HP-1 (g/cm3)

Density after
HP-2 (g/cm3)

Density after
HP3 (g/cm3)

NW 22.70 0.459 1.104 1.131 1.447
B1 18.05 0.405 1.059 1.074 1.314
B3 18.65 0.390 1.101 1.415 1.695
B4 15.90 0.350 0.986 1.317 1.518
B5 15.05 0.318 1.154 1.205 1.413

The water contact angle (WCA) of the heat-treated CW increases the hydrophobic
properties [24,25]. The authors indicated the effects of different heat treatments and com-
pacted surfaces of CW. However, in this research, only one heat-compression condition was
carried out, limiting the heat treatment effects. Furthermore, different bleaching treatment
leads to different effects on WCA of CW. Longer bleaching times and multiple bleaching
stages raise the higher OH groups exposed to the surface of wood specimens. They lead
to decreased hydrophobicity. The WCA of CW specimens was measured to investigate
their water-proof behavior. Figure 10 shows the WCA results. As the bleaching process
continued, the WCA decreased to 72.5◦ at B4 and bounced back at B5. Surface morpholo-
gies and lignin content can influence the WCA. Hemicellulose is the most hygroscopic
polymer in wood, followed by lignin and crystalline cellulose. The WCA decreased as the
lignin content decreased with the bleaching step (see Figure 4). The slightly bounced back
WCA at B5 might be associated with the smooth surface morphology of B5, resulting in the
highest compression ratio.
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4. Conclusions

Compression wood was prepared by removing lignin with multiple steps of NaClO2
bleaching, and the bleaching effects were investigated in terms of morphologies, lignin
content, alpha-cellulose content, compression ratio, mechanical properties, swelling, and
water contact angle. After compression, the CW densities increased, and the most porous
structures collapsed. The lignin content decreased as the bleaching steps progressed,
and the highest alpha-cellulose was observed at the B3 and B4 bleached specimens. The
compression ratio reached over 77% when the bleaching condition was over B3 under
the HP-3 hot-pressing condition, which was just over the compression yield strength of
the wood in the transverse direction. The B3 CW showed the best mechanical properties:
bending strength 240.1 ± 35.7 MPa and Young’s modulus 23.08 ± 0.89 GPa. Over the
B3 step, the mechanical properties decreased due to over-bleaching. The swelling of
CW decreased as the bleaching step progressed, which was associated with the density
decrease and the compression ratio increase with the bleaching step. The water contact
angle decreased to 72.5◦ at B4 as the bleaching process continued. The B3 is an optimum
bleaching step that accounts for high mechanical properties, which might be associated
with high alpha-cellulose content.

Bleaching treatment with hot pressing can improve the mechanical properties of CW,
which is applicable for environmentally friendly structures such as concrete reinforcement.
However, the moisture absorption and water swelling behaviors need to be improved, and
chemical inertness and thermal and sound absorbing behaviors need to be investigated.
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Abstract: Novel thermo-responsive shape-memory vanillin-based photopolymers have been de-
veloped for microtransfer molding. Different mixtures of vanillin dimethacrylate with tridecyl
methacrylate and 1,3-benzenedithiol have been tested as photocurable resins. The combination
of the different reaction mechanisms, thiol-acrylate photopolymerization, and acrylate homopoly-
merization, that were tuned by changing the ratio of monomers, resulted in a wide range of the
thermal and mechanical properties of the photopolymers obtained. All polymers demonstrated
great shape-memory properties and were able to return to their primary shape after the temperature
programming and maintain their temporary shape. The selected compositions weretested by the
microtransfer molding technique and showed promising results. The developed thermo-responsive
shape-memory bio-based photopolymers have great potential for forming microtransfered structures
and devices applicable on non-flat surfaces.

Keywords: bio-based polymers; dual curing; shape-memory; photocuring; microtransfer molding

1. Introduction

Increased oil prices and environmental awareness have prompted the scientific com-
munity to seek alternative feedstocks for polymers, which nowadays are mainly derived
from fossil fuels [1,2]. The main source of sustainable and environmentally friendly poly-
mers are renewable raw materials, such as plants [3]. Currently, vanillin is one of a few
bio-based and aromatic compounds that are industrially available [4]. Its derivatives
have been successfully used in various polymerization techniques. For example, vanillin
acrylate-based polymers, synthesized by thermal polymerization, possess high glass tran-
sition temperature and high mechanical strength [5]. Recently, vanillin-based polymers,
synthesized by photopolymerization, demonstrated significant antimicrobial activity and
were applied in optical 3D printing [6]. However, there are only a few examples of the
usage of vanillin derivatives in dual curing systems [7].

Dual curing is a process that combines two curing reactions that occur simultaneously
or sequentially [8]. In this process, the properties of the resulting materials can be easily
changed by manipulating the composition of the resins by changing the ratio of the selected
monomers [9]. Polymers with unique mechanical and thermal properties can be obtained
during the dual curing process as the result of interpenetrating, or semi-interpenetrating,
polymer networks [10]. Due to these extraordinary features, dual curing attracts huge
attention among scientists as one of the possible ways to create smart materials, such as
shape-memory polymers [11].

Shape-memory polymers are a part of intelligent polymeric systems, also known
as smart materials [12]. Their unique property of changing their shape in response to
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a stimulus has significantly broadened their areas of application [13]. Bio-based shape-
memory polymers attract huge interest in the scientific community, however, only a few
examples of UV photocured shape-memory polymers are available [14]. Recently, novel
shape-memory bio-based polymers have been successfully synthesized from castor oil
with the introduction of dynamic pyrazole–urea bonds [15]. Bovine serum albumin-based
shape-memory bioplastics have been produced and adapted for stereolithography [16].
Cholesterol was successfully used in the synthesis of thermo-responsive shape-memory
polymers [17]. The novel poly(cholesteryl methacrylate) coatings were characterized as
potential substrates for tissue engineering, showing the importance of shape-memory
polymers [18]. In this work, we focused our attention on the development of novel bio-
based shape-memory photopolymers suitable for the manufacturing of various structures
and devices by nanoimprint lithography.

Photocuring requires a smaller amount of resources to produce the required part
compared to other techniques [19]. It is a simple way to create unique products of complex
shapes while also reducing manufacturing costs and carbon dioxide emission [20]. The
final product can be successfully manufactured during the molding process and does not
need further modification before usage [21]. Moreover, even the most complex parts can
be duplicated easily if the original part was damaged during the operation process [22].
Microtransfer molding, or nanoimprint lithography, is a great way to reduce waste as it
uses a minimal amount of material needed for the final product [23], and it is a versatile
technique for nanofabrication of a wide range of micro and nanostructures and devices [24].
It offers the ability to fabricate nanostructures that exhibit vertically aligned nanoarrays
and nanopatterns, and the ability to have precise control over the size and geometry of
the nanostructures, and to form nanostructures attached to a bulk support. The main
advantage of this technique is its fast, easy, and inexpensive, but accurate, reproduction of
various 2D or 3D objects from the nanoscale to the macroscale [25,26].

In this work, different mixtures of bio-based monomer vanillin dimethacrylate with
tridecyl methacrylate, derived from natural oil and 1,3-benzenedithiol, have been tested to find
an efficient photocurable system for microtransfer molding. Ethyl (2,4,6-trimethylbenzoyl)
phenylphosphinate was selected as the photoinitiator, due to its ability to cure the deep
layers of the resin and its photobleaching effect [27]. This work is a continuation of our
previous studies [7,28]. In the present work, the addition of tridecyl methacrylate to the resin
composition has led to a reduction in the use of expensive vanillin monomer and, thus, to a
reduction in the cost of the polymers, without sacrificing their properties. The polymers
obtained demonstrated a wide range of thermal and mechanical properties as a result of the
combination of the different reaction mechanisms, thiol-acrylate photopolymerization and
acrylate homopolymerization, which were tuned by changing the ratio of monomers. The
increase in tridecyl methacrylate content resulted in less rigid polymers, lower photocuring
rate, and lower Young’s modulus values. The reduction of thiol content increased the
shrinkage of polymers, the photocuring rate, and the thermal and mechanical characteristics
of the resulting polymers. All polymers demonstrated shape-memory properties. The most
promising compositions have been tested by the microtransfer molding technique and
showed promising results as photoresins for nanoimprint lithography. Microtransfered
structures and devices formed from the developed thermo-responsive shape-memory bio-
based photopolymers can be applied on non-flat surfaces, convex or concave, such as
cylinders, tubes, etc.

2. Materials and Methods
2.1. Materials

Vanillin dimethacrylate (VDM, Specific Polymers, Castries, France), 1,3-benzenedithiol
(BDT, Fluorochem, Glossop, United Kingdom), tridecyl methacrylate (C13-MA, VISIOMER®

Terra C13-MA, Evonik, Essen, Deutschland), ethyl(2,4,6 trimethylbenzoyl)phenylphosphinate
(TPOL, Fluorochem, Glossop, United Kingdom), (Figure 1) were used as received.
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Figure 1. Chemical structures of vanillin dimethacrylate (VDM), 1,3-benzenedithiol (BDT), tridecyl
methacrylate (C13-MA), and ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate (TPOL).

2.2. Preparation of Cross-Linked Polymer Specimens

The mixtures containing 1 mol of VDM, 3 mol.% of TPOL, 1, 0.75, 0.5, or 0.25 mol
of BDT and 1.5, 3, or 4.5 mol of C13-MA were stirred with a magnetic stirrer at room
temperature (25 ◦C) for 1 min. When homogeneous mixtures were obtained, the resins
were poured into a Teflon mold and cured for 5–7 min in the UV irradiation chamber
BS-02 (Opsytec Dr. Grobel, Ettlinger, Germany) with an intensity of 30 mW/cm2 and a
wavelength range of 280–400 nm. The composition of the resins is presented in Table 1.

Table 1. Composition of resins C1–C12.

Resin Amount of
VDM, Mol

Amount of
BDT, Mol

Amount of
C13-MA, Mol

Amount of
TPOL, Mol.%

C1 1 1 1.5 3
C2 1 0.75 1.5 3
C3 1 0.5 1.5 3
C4 1 0.25 1.5 3

C5 1 1 3 3
C6 1 0.75 3 3
C7 1 0.5 3 3
C8 1 0.25 3 3

C9 1 1 4.5 3
C10 1 0.75 4.5 3
C11 1 0.5 4.5 3
C12 1 0.25 4.5 3

2.3. Characterization Techniques

Fourier transformation infrared (FT-IR) spectroscopy spectra were recorded using
a Spectrum BX II FT-IR spectrometer (Perkin Elmer, Llantrisant, UK). Reflection was
measured during the test. The range of wavenumbers was (650–4000) cm−1.

The Soxhlet extraction was used to determine the yield of the insoluble fraction. 0.2 g
polymer samples were extracted with acetone for 24 h. After 24 h, the insoluble fractions
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were dried under vacuum until no weight changes were observed. The yield of insoluble
fraction was calculated as the weight difference before and after extraction and drying.

Thermogravimetrical analysis (TGA) was performed on a TGA 4000 apparatus (Perkin
Elmer, Llantrisant, UK). A heating rate of 20 ◦C/min was chosen in a nitrogen atmosphere
(100 mL/min). The temperature range of (10−800) ◦C was used. Aluminium oxide pans
were used.

Dynamical mechanical thermal analysis (DMTA) was performed on an MCR302
rheometer (Anton Paar, Graz, Austria) equipped with the SRF10-SN30777 measuring
system. The Peltier-controlled temperature chamber was used. The temperature was
increased from −80 ◦C to 100 ◦C, with a heating rate of 2.99 ◦C/min. The normal force
was set at −0.1 N during the measurement. In all cases, the torsion mode was used with a
frequency of 1 Hz and a torsion strain of 0.1%. The storage modulus (G′), the loss modulus
(G′′), and the loss factor (tanδ) were recorded as functions of temperature.

The mechanical properties of the synthesized polymers were determined by the
tensile test. The tensile test was performed on a Testometric M500-50CT testing machine
(Testometric Co. Ltd., Rochdale, UK) with flat-faced grips at room temperature (21.5 ◦C).
The dimensions of the test specimens were 70 (±0.01)× 10 (±0.01)× 2 (±0.15) mm. The gap
between the grips was set to 20 mm and the test was performed at a speed of 5 mm/min
until the specimen broke. Young’s modulus, tensile strength, and elongation at break
were determined.

2.4. Real-Time Photorheometry

UV/Vis curing tests were performed with resins containing 1 mol of vanillin dimethacry-
late, 3 mol.% of TPOL, 1, 0.75, 0.5, or 0.25 mol of BDT and 1.5, 3.0, or 4.5 mol of C13-MA on a
MCR302 rheometer (Anton Paar, Graz, Austria) equipped with the plate/plate measuring
system. The measuring gap was set to 0.1 mm and the samples were irradiated by UV/Vis
light in a wavelength range of 250–450 nm through the glass plate using the OmniCure
S2000 UV/Vis spot curing system (Lumen Dynamics Group Inc., Mississauga, ON, Canada).
The temperature was 25 ◦C. The shear mode with a frequency of 10 Hz and a shear strain
of 1% was used in all cases. The storage modulus (G′), the loss modulus (G′′) and the
complex viscosity (η*) were recorded as a function of the irradiation time and the values
of each parameter taken after 300 s of photocuring are presented in Table 2. The gel point
(tgel) was calculated as the intersection point of the G′ and G′′ curves. The shrinkage was
calculated from the reduction of the height of the sample during the polymerization process.
The normal force was set at 0 N during the measurement of the sample shrinkage. Five
measurements of each resin were used to obtain the mean value and standard deviation.

Table 2. Rheological Characteristics of Resins.

Resin
Storage

Modulus,
G′, MPa

Loss
Modulus,
G′′, MPa

Loss Factor,
tanδ

Complex
Viscosity
η*, MPa·s

Gel Point
tgel, s

Induction
Period, s

Shrinkage,
%

C1 0.312 0.128 0.409 0.054 8.9 4.9 2
C2 3.030 2.061 0.680 0.635 6.8 2.6 7
C3 14.173 5.872 0.414 2.440 4.6 0.7 8
C4 17.343 5.661 0.327 2.900 3.4 0.3 9

C5 0.031 0.020 0.646 0.005 13.5 9.2 0
C6 0.721 0.333 0.461 0.013 10.6 7.3 2
C7 2.420 1.290 0.534 0.437 5.8 5.1 3
C8 10.148 4.470 0.442 1.760 3.7 0.9 4

C9 0.055 0.018 0.328 0.009 20.8 12.3 1
C10 0.542 0.230 0.425 0.094 14.4 11.9 3
C11 2.002 1.010 0.502 0.357 13.6 11.6 6
C12 2.930 1.450 0.497 0.520 9.8 8.8 10
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2.5. Microtransfer Molding Technique

A microtransfer molding (µTM) technique, or nanoimprint lithography, was used to
test C1 and C8 resins to make replicas [29]. First, a master structure was manufactured out
of PlasGray material with the Asiga Pico2 39 UV table-top 3D printer (Asiga, Alexandria,
Australia). Next, polydimethylsiloxane (PDMS) was poured over this structure and ther-
mally cured at 100 C for 1 h, thus creating a soft mold (stamp). It was then used to make a
replica of both resins. The printed structure was a 1951 USAF resolution target (25% of the
downloaded vector file size), used as a sample in optical engineering for testing imaging
systems. A UV diode emitting 365 nm wavelength light (CS2010, Thorlabs, Newton, NJ,
USA) was used to cure the C1 and C8 resins and obtain the replicas. The curing time was
set to 5 min for each sample. The soft mold and the replicas made were characterized using
the Olympus IX73 optical microscope (Olympus Corporation, Tokyo, Japan).

3. Results
3.1. Monitoring of Photocuring Kinetics by Real-Time Photorheometry

The photocuring of the three-component resins was studied by real-time photorheom-
etry. In this study, the most important parameters, the photocuring rate (characterized by
tgel, induction period and slope of the curves), rigidity (characterized by storage modulus
G′), and shrinkage (described by volume loss during photopolymerization) have been mon-
itored and examined [30]. The real-time photorheometry data of all resins are summarized
in Table 2.

The dependence of the storage modulus G′ on the irradiation time of all resins is
presented in Figure 2. The storage modulus represents the stiffness and rigidity of the
polymers that are the important parameters for the applications of the polymers. It was
determined that the resin composition had a huge influence on the photocuring kinetics
and on the properties of the resulting polymers. The most rigid polymer was C4 prepared
with the lowest amount of C13-MA and BDT. The highest amount of VDM in C4 compared
to other polymers caused the high rate of acrylate homopolymerization. After comparing
polymer C4 with C8 and C12, it was determined that the rigidity of the polymers decreased
with increasing volume of tridecyl methacrylate in the resins. The rigidity of the polymers
was reduced from 17.343 (C4) to 2.930 (C12) MPa by increasing the content of C13-MA
from 1.5 to 4.5 mol. The long carbon chain of tridecyl methacrylate was the reason for the
formation of the soft and flexible polymer [31]. By increasing the amount of C13-MA, the
amount of polymer to plasticize long flexible alkyl chains was increased, and, thus, the
rigidity of the polymer was reduced, while the increase in the amount of VDM, having
a relatively short and partially aromatic structure in comparison to C13-MA, resulted in
higher rigidity of the polymers.

The amount of thiol also had a great impact on the polymer structure and, therefore,
its characteristics. It was determined that the polymer rigidity was increased by reducing
the amount of thiol in the composition. The high amount of thiol resulted in a higher
rate of thiol-ene photopolymerization, which is a slower reaction in comparison to free
radical polymerization. A high number of short polymer chains was formed as a result
of competing free radical and thiol-ene photopolymerizations, and even increased with
increasing amounts of thiol. However, according to the literature, thiols not only reduce
the rigidity of polymers but also increase their flexibility due to the formation of flexible
thioether linkages [7]. For example, the rigidity of polymers C5–C8, prepared with 3 mol
of C13-MA, was increased from 0.031 (C5) to 10.148 (C8) MPa by decreasing the amount
of thiol from 1 to 0.25 mol. This tendency was also visible in polymers C1–C4 prepared
with 1.5 mol of C13-MA, and polymers C9–C12 prepared with 4.5 mol of C13-MA. It is
important to note that different areas of application require different materials, and both,
rigid and soft, materials are needed.
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The photocuring rate (described by the tgel, induction period, and slope of the curve)
is the other important parameter for the optimal curing process. The gel point is extremely
important in microtransfer molding technology. The lowest values of tgel and the shortest
induction period were demonstrated by polymers prepared with the lowest amount of thiol.
The curve of storage modulus of these polymers also reached the plateau faster than that of
other vanillin-based polymers. As was stated earlier, free radical photopolymerization is
a faster process in comparison to thiol-ene photopolymerization. However, not only the
reaction mechanism, but also the structure of the monomer affects the gel point. C13-MA
has a much longer structure compared to vanillin dimethacrylate and, as a result of that,
the increase in C13-MA in compositions slowed the photopolymerization process, while
the increase in VDM made it faster [28]. Subsequently, the lowest tgel value was acquired
by resin C4 (tgel = 3.4 s) prepared with 0.25 mol of thiol and 1.5 mol of tridecyl methacrylate.
Resin C12, which was prepared with the same amount of thiol and a higher amount of
C13-MA, had a much higher gel point (tgel = 9.8 s) compared to resin C4, which was the
result of an increased amount of flexible tridecyl methacrylate chains.

The shrinkage is also very important for the application of polymers. Low values
of shrinkage are needed to form precise and unique structures, as high shrinkage could
result in failed molding attempts. Values as low as 0–5% are mandatory in order to obtain
high-quality products [32]. The lowest shrinkage values were demonstrated by polymers
prepared with the highest amount of thiol. The shrinkage values of the polymers with 1 mol
of thiol and different amounts of tridecyl methacrylate, C1, C5, and C9, were as low as
0–2%. However, resins with a lower amount of thiol and a higher amount of acrylate shrunk
more. For example, the shrinkage increased from 1 to 10% as a result of the reduction of
the amount of thiol from 1 to 0.25 mol in the resins C9–C12. This can be explained by the
dominant reaction mechanism, as it is well known that acrylates have a high shrinkage
rate during free radical polymerization [33], while thiol-ene photopolymerization results in
a lower shrinkage volume [34]. That is because long-distance connections via weak Van
der Waals force are replaced by short, strong covalent bonds between carbon atoms in
monomer units during free radical acrylate polymerization, which results in shrinkage of
the polymers [33].

After analyzing all of these results, the C8 resin was selected as the most promising
composition for the microtransfer molding technique. This composition demonstrated one
of the lowest gel point values and relatively low shrinkage, which makes the process faster
and allows the creation of complex and accurate shapes. Furthermore, the induction period
of this resin was less than 1 s and the resultant polymer was a stiff material with a high
value of G′. All these properties made the C8 resin a suitable candidate for the microtransfer
molding technique. For comparison, the resin C1 that forms soft but non-brittle polymer
was also selected for microtransfer molding.

3.2. Characterization of Photocross-Linked Polymer Structure

The chemical structure of the photocross-linked polymers was confirmed by FT-IR
spectroscopy. Signals of C=O, which were present at 1714–1735 cm−1, and those of the C=C
group, which were present at 1606–1639 cm−1 in VDM and C13-MA spectra, were also
reduced in polymer spectra. The signals of the S-H group, which were present at 2560 cm−1

in the BDT spectra, were not visible in the polymer spectra and the new signal of the C-S
group was detected at 1120–1122 cm−1 in the polymer sample spectra. These changes in
the polymer spectra indicated the formation of cross-linked structures in the polymers. As
an example, the FT-IR spectra of VDM, C13-MA, BDT, and polymers C5–C8 are presented
in Figure 3.

The Soxhlet extraction was also performed in order to confirm the cross-linked struc-
ture of the polymers. The yield of the insoluble fraction of these polymers was in the
range of 61–90% (Table 3). The high yield of the insoluble fraction indicated that the dense
polymer network was formed during photopolymerization. However, polymers C1, C5,
and C9, which were prepared with 1 mol of thiol, demonstrated a relatively low value of
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the yield of the insoluble fraction (61–70%). This was probably due to the large amount of
soluble linear or branched polymer fragments, which were formed as the result of spatial
hindrances as the polymer chains were unable to pass through each other during the photo
polymerization process [35]. Acrylate free radical homopolymerization is faster than thiol-
ene photopolymerization, and, as a result of that, the spatial hindrances were increased by
increasing the amount of thiol.
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Table 3. Yield of insoluble fraction, thermal, and thermomechanical characteristics of the polymers.

Resin Yield of Insoluble
Fraction, % Tdec.−10%, ◦C * Tg, ◦C ** Storage Modulus G′

at −80 ◦C, MPa ***
Storage Modulus G′

at 100 ◦C, MPa ****

C1 69 308 −10 761.99 3.36
C2 84 328 10 1539.61 1.17
C3 87 329 28 1649.52 3.90
C4 90 332 54 2350.37 21.67

C5 61 328 −9 386.44 0.19
C6 82 338 0 499.35 0.88
C7 88 346 18 778.79 2.22
C8 85 344 28 902.59 4.84

C9 70 322 −7 19.08 0.58
C10 81 323 −1 911.49 3.15
C11 88 324 7 890.68 2.27
C12 79 331 17 661.37 2.69

* from TGA curves. ** from DMTA curves. *** before glass transition temperature. **** after glass transition
temperature.

3.3. Thermal Properties of Cross-Linked Polymers

Dynamical mechanical thermal analysis (DMTA) and thermogravimetrical analysis
(TGA) were used to study the thermal properties of the polymers. The results are summa-
rized in Table 3. DMTA was used to determine the glass transition temperature (Tg) of the
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polymer samples. The DMTA curves are presented in Figure 4. The glass transition of the
polymers was in the range of −10–54 ◦C. It was determined that the higher values of Tg
were obtained when the lower volume of thiol was used. For example, Tg increased from
−10 ◦C for polymer C1 to 54 ◦C for polymer C4 by reducing the amount of BDT from 1
to 0.25 mol. The low glass transition temperature was the result of softer polymer with a
less dense structure and low yield of the insoluble fraction [36]. The amount of C13-MA
also had a great influence on Tg. For example, the increase in the amount of C13-MA from
1.5 mol in the polymer C2 to 4.5 mol in the polymer C10 reduced the Tg from 10 to −1 ◦C.
This was the result of a long carbon chain of C13-MA. Long chains made the polymer softer
and flexible, and decreased the glass transition temperature of the polymers [37].

The thermal decomposition of the polymers occurred in one step (Figure 5). The
temperature of 10% weight loss (Tdec.−10%) was in the range of 308–346 ◦C. Consequently,
to the glass transition temperature, the temperature of 10% weight loss was reduced by
increasing the amount of BDT in the polymer. For example, Tdec.−10% increased from
308 ◦C to 332 ◦C by decreasing the amount of thiol from 1 to 0.25 mol. The results were
correlated with the yield of the insoluble fraction of the polymers, as higher decomposition
temperatures were shown by the polymers with the higher yield of the insoluble fraction
and the denser inner polymer network. Different results were observed when the amount
of C13-MA was increased. There was no consistent increase or decrease in Tdec.−10% when
the amount of tridecyl methacrylate increased. Very similar values of the temperature of
10% weight loss were observed when 1.5 and 4.5 mol of C13-MA were used. However,
polymers prepared with 3 mol of C13-MA demonstrated higher values of 10% weight loss.
For example, polymers C4 and C12, which were prepared with 1.5 and 4.5 mol of C13-MA,
reached the temperature of 332 ◦C and 331 ◦C, respectively, while polymer C8, prepared
with 3 mol of C13-MA, reached the temperature of 344 ◦C.

3.4. Thermomechanical Properties of Cross-Linked Polymers

Dynamical mechanical thermal analysis (DMTA) was performed to characterize the
mechanical properties of the developed polymers. The dependence of the storage modulus
G′ on temperature was measured (Figure 6) and the values of G′ before and after the glass
transition temperature were compared (Table 3). For the compatible results, the storage
modulus values were taken from the plateau of the curve as the plateau indicates that
polymer is in the steady state and that no changes in its structure are happening. The
chosen temperatures were −80 ◦C (before Tg) and 100 ◦C (after Tg). After the results
were compared, it was determined that the storage modulus of these polymers decreases
greatly as the temperature increases to values higher than those of their Tg. Because of
this, the developed polymers are rigid materials below their glass transition temperature
and become soft and flexible when the temperature increases above their Tg. For example,
the storage modulus of polymer C1 was reduced from 761.99 MPa to 3.36 MPa when the
temperature increased from −80 ◦C to 100 ◦C. These results correlate to the rheological and
thermal characteristics, as the same tendencies occur when these polymers are compared.
For example, polymers C4, C8, and C12, prepared with different amounts of C13-MA, show
that the storage modulus reduces from 2350.37 MPa to 661.37 MPa (at −80 ◦C) when the
amount of C13-MA increases from 1.5 mol to 4.5 mol, which was the result of an increased
amount of flexible tridecyl methacrylate chains, as mentioned above. Increased amounts of
BDT in the polymer also reduced the rigidity of the polymers. For example, rigidity was
reduced from 902.59 MPa (polymer C8 at −80 ◦C) to 386.44 MPa (polymer C5 at −80 ◦C)
by increasing the amount of thiol from 0.25 mol to 1 mol, due to the formation of flexible
thioether linkages, as also mentioned earlier.
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3.5. Shape-Memory Properties of Cross-Linked Polymers

Thermo-responsive shape-memory polymers attract huge interest in the scientific
community because of their unique ability to remember their shape. To show shape-
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memory properties, polymer samples were heated above their glass transition temperature,
reformed to the temporary shape, and cooled down to the temperature lower than their Tg.
All polymers were rigid materials and were able to maintain their temporary shape when
the temperature was below their Tg. To return to a permanent shape, polymer samples
were heated above their glass transition temperature, and all polymers were able to return
to a permanent shape within seconds. The recovery to original shape conditions of these
polymers is determined by their glass transition temperature [14].

Polymers were transformed to their temporary shape at 60 ◦C temperature and then
placed in the refrigerator (−20 ◦C) to maintain their temporary shape. All developed
polymers were able to maintain their permanent shape at a temperature below 0 ◦C,
however, only a few of them were able to maintain it at room temperature (25 ◦C). Because
of this, the application of these polymers is limited. The most promising results were
demonstrated by the polymers C3, C4, and C8, because these polymers have relatively
high glass transition temperature (from 28 to 54 ◦C) and can maintain their temporary
shape at room temperature and above. The transformation of the C8 sample is presented in
Figure 7.

Polymers 2022, 14, 2460 14 of 17 
 

 

ted by the polymers C3, C4, and C8, because these polymers have relatively high glass 

transition temperature (from 28 to 54 °C) and can maintain their temporary shape at room 

temperature and above. The transformation of the C8 sample is presented in Figure 7. 

 

Figure 7. Scheme of shape-memory behaviour of polymer samples. 

3.6. Mechanical Characteristics of Cross-Linked Polymers 

The tensile test was performed to investigate the mechanical properties of the ob-

tained polymers. The results are presented in Table 4. Polymers C1, C2, C5, and C9 were 

too soft and/or brittle for testing machine, and it was impossible to detect the break during 

the measurement. The highest values of Young’s modulus and the lowest values of elon-

gation and break were demonstrated by polymer C4, which was prepared with the lowest 

amount of C13-MA and BDT (60.05 MPa and 5.47%). Polymer C3, which was prepared 

with the same amount of VDM and C13MA as polymer C4, but with a higher amount of 

thiol, demonstrated a lower Young’s modulus value and greater elongation at break value 

(12.44 MPa and 17.3%). This behaviour was caused by the highly flexible thioether link-

ages. These linkages also explain why polymers with higher amounts of thiol stretched 

more during the tensile test and their elongation at break value was higher. Tridecyl meth-

acrylate had a similar effect as thiol on the mechanical properties of the polymers. The 

increased amount of C13-MA in the composition led to the lower values of Young’s mod-

ulus. For example, by increasing the amount of C13-MA from 1.5 to 3 and then to 4.5 mol 

the Young’s modulus decreased as follows, from 60.05 MPa (polymer C4) to 23.033 MPa 

(polymer C8) and, finally, to 5.53 MPa (polymer C12). The elongation at break increased 

with increasing C13-MA in the resin from 5.47% (polymer C4) to 6.49% (polymer C8) and, 

Figure 7. Scheme of shape-memory behaviour of polymer samples.

3.6. Mechanical Characteristics of Cross-Linked Polymers

The tensile test was performed to investigate the mechanical properties of the obtained
polymers. The results are presented in Table 4. Polymers C1, C2, C5, and C9 were too soft
and/or brittle for testing machine, and it was impossible to detect the break during the
measurement. The highest values of Young’s modulus and the lowest values of elongation
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and break were demonstrated by polymer C4, which was prepared with the lowest amount
of C13-MA and BDT (60.05 MPa and 5.47%). Polymer C3, which was prepared with the
same amount of VDM and C13MA as polymer C4, but with a higher amount of thiol,
demonstrated a lower Young’s modulus value and greater elongation at break value
(12.44 MPa and 17.3%). This behaviour was caused by the highly flexible thioether linkages.
These linkages also explain why polymers with higher amounts of thiol stretched more
during the tensile test and their elongation at break value was higher. Tridecyl methacrylate
had a similar effect as thiol on the mechanical properties of the polymers. The increased
amount of C13-MA in the composition led to the lower values of Young’s modulus. For
example, by increasing the amount of C13-MA from 1.5 to 3 and then to 4.5 mol the Young’s
modulus decreased as follows, from 60.05 MPa (polymer C4) to 23.033 MPa (polymer C8)
and, finally, to 5.53 MPa (polymer C12). The elongation at break increased with increasing
C13-MA in the resin from 5.47% (polymer C4) to 6.49% (polymer C8) and, finally, to 8.38%
(polymer C12). This behaviour can be explained by the long carbon chain of tridecyl
methacrylate. As a result, the polymer can stretch more, and is softer and more flexible [34].

Table 4. Mechanical characteristics of the polymers obtained by the tensile test.

Resin Young’s Modulus, MPa Tensile Strength, MPa Elongation at Break, %

C1 - * - -
C2 - - -
C3 12.436 1.256 17.30
C4 60.050 1.976 5.47

C5 - - -
C6 1.865 0.140 12.19
C7 3.991 0.309 11.10
C8 23.033 0.960 6.49

C9 - - -
C10 2.317 0.040 22.36
C11 3.054 0.129 10.71
C12 5.531 0.227 8.38

*—not determined due to excessively soft and/or brittle polymer.

3.7. Characterization of Microtransfered Structures

Two photocurable resins forming nonbrittle polymers, one rigid (C8) and the other
soft (C1), have been tested in microtransfer molding (µTM). The results are depicted in
Figure 8. Image (a) demonstrates the 3D printed USAF target. The thickest 3D printed lines
were approximately 220–230 µm width, meanwhile the thinnest lines were about 68–69 µm
width. Image (b) shows the PDMS stamp, which coincided well with the 3D printed target.
The following images (c) and (d) depict replicas made of C1 and C8 resins. In both cases, the
replicas corresponded to the PDMS mold, keeping its shape and all features (lines, letters,
and numbers). Only minor drawbacks were observed on the replicas, which were voids
(usually appearing due to air bubbles while dropcasting the resin) and loss of sharp edges
due to peeling of the stamp. Despite this, both C1 and C8 resins showed great potential to
be used for the µTM technique.
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4. Conclusions

Novel thermo-responsive shape-memory vanillin-based photopolymers have been
developed and applied in microtransfer molding. Different mixtures of the two biobased
monomers vanillin dimethacrylate and tridecylmethacrylate, to which 1,3-benzenedithiol
has been added, have been tested as photocurable resins. The reduction of the thiol content
was determined to increase the shrinkage of the polymers, the photocuring rate, and the
values of the thermal and mechanical characteristics of the resulting polymers. The increase
in tridecyl methacrylate content resulted in less rigid polymers, lower photocuring rate,
and lower glass transition temperature. All polymers demonstrated great shape-memory
properties and were able to return to their primary shape after the temperature programing.
Furthermore, they were able to maintain their temporary shape when the temperature was
lower than their glass transition temperature. Two photocurable resins forming nonbrittle
polymers, one rigid and the other soft, have been tested in microtransfer molding and
both resins demonstrated perfect replication, proving the novel bio-based photoresins to be
suitable for microtransfer molding technique.

The developed thermo-responsive shape-memory bio-based photopolymers have
great potential for forming microtransfered structures and devices that can be used on
nonflat surfaces. This work offers a sustainable route for exploiting biorenewable materials
to replace established commercial photoresins applied in stamping technologies that are
already being scaled up for cost-effective everyday use.
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Abstract: Cellulose-based biodegradable hydrogel proves to be excellently suitable for the medical
and water treatment industry based on the expressed properties such as its flexible structure and
broad compatibility. Moreover, their potential to provide excellent waste management from the
unutilized plant has triggered further study on the advanced biomaterial applications. To extend
the use of cellulose-based hydrogel, additive manufacturing is a suitable technique for hydrogel
fabrication in complex designs. Cellulose-based biomaterial ink used in 3D bioprinting can be further
used for tissue engineering, drug delivery, protein study, microalgae, bacteria, and cell immobilization.
This review includes a discussion on the techniques available for additive manufacturing, bio-based
material, and the formation of a cellulose-based hydrogel.

Keywords: 3D printing; additive manufacturing; biopolymer; cellulose; cell immobilization

1. Introduction

The adaptation of 3D bioprinting with cell culturing and drug delivery has shown
suitable trends over the past few years. One of the benefits of using additive manufacturing,
such as 3D bioprinting, is its ability to work with living materials and cells during the
printing process [1]. In 3D bioprinting, biopolymer hydrogel expresses perfect criteria to
imitate tissue matrix and can be produced from biomaterial [2]. Hydrogel preparation
commonly requires some integration with other materials to increase efficiency and perfor-
mance. Based on studies conducted by some researchers, many successful findings have
been concluded for the use of hydrogel, which led to its application in the human body.
Moreover, culturing algae and bacteria on the hydrogel shows an excellent characteristic of
hydrogel to support the growth of living cells.

Uses of natural resources from plants and microorganisms such as cellulose, lignin,
alginate, chitosan, and algae have gained some interest in 3D bioprinting. All these
resources can be obtained abundantly from specific parts of plants and animals but require
some treatments during the extraction process. Cellulose, extracted from plants, is an
attractive biopolymer in focus throughout this review. Pretreatment steps for 3D bioprinting
are less complicated, and cellulose can survive during 3D bioprinting at specific process
parameters [3]. Biopolymer is the main material in medical products as it shows a safe and
convenient effect that is harmless to humans and animals.

In this review, 3D bioprinting involves several techniques, such as extrusion, laser-
assisted bioprinting, and inkjet, which are discussed in detail. The need for biopolymer as
the biomaterial ink for 3D bioprinting and biopolymer hydrogel was discussed, particularly
regarding the properties and application. Then, the recent study on 3D bioprinting for
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uptake and release of protein, immobilization of algae, bacteria, and cell culturing of human
and animal cells in the hydrogel are being reviewed. This review includes a thorough expla-
nation of cellulose as a biopolymer for its application in additive manufacturing, including
its characteristics, extraction techniques, and size reduction process. Furthermore, we em-
phasized the use of cellulose-based biomaterial ink and hydrogel preparation techniques.
Three-dimensional bioprinting of cellulose-based biomaterial in other specific areas such as
tissue engineering and drug delivery is reviewed. Finally, the visual bibliometric network
and analysis are explained in the statistic of the recent study.

2. 3D Bioprinting Techniques

In the early 2000s, 3D printing was initially used in the medical industry before lead-
ing to 3D bioprinting. Thomas Boland’s group invented the first bioprinter at Clemson
University after using an inkjet printer for cell printing [4]. From the printing of cells, 3D bio-
printing then developed into bones, organ, and tissue printing, which have comprehensive
advantages in tissue engineering and organ transplant.

Most bioprinters use the same techniques as 3D printers, such as extrusion-based,
inkjet, and laser-assisted. A primary step required before conducting 3D bioprinting is
preparing the ink material and creating a 3D model using the software. The crucial part of
3D bioprinting is the formation of bioink made up of biocompatible material and living
cells that typically need some culturing process. Bioink needs to show some criteria such
as suitable viscosity, shear-thinning, and capability to be crosslinked [5]. Then, computer-
aided design (CAD) is software used to model a 3D structure with internal and external
details such as the size of pores [5]. The .stl file refers to standard triangle language and
will be used for printing by adding the file to the 3D printing software [6]. After modeling
the structure, the 3D bioprinting process can commence according to several specifications
based on the required printed product.

3D bioprinting can overcome the shortage of organs and increase the possibility of
organ transplants. It can produce a complex structure for medical purposes with high cell
survival rates in shorter times and efficient costs [7]. The 3D bioprinting of the skin has a
great possibility to be produced repeatedly with faster production [8]. The customization
of specific tissues or organs is applicable with this 3D bioprinting. Direct deposition of the
printing ink or cells on the targeted human body part is possible by using 3D bioprinting [9].

2.1. Extrusion/Liquid Deposition Modeling

Liquid deposition modeling (LDM) is a 3D printing method focusing on printing
the viscous liquid made up of biomaterial. Liquid ink can be added and stored in the
syringe for printing and released during the process with the help of external force. The
composition and viability of the biomaterial can be maintained during the process as it
is placed in a controlled temperature and pressure condition. The printing temperature
and build plate temperature will influence the printing of each biomaterial. Furthermore,
the printing process is controlled by specific parameters such as viscosity, the flow of
fluid, shear-thinning, and gelation [10]. Other than that, the geometry of printed material
is crucial for 3D printing. As the size becomes smaller with a channeled structure, the
printing becomes more challenging and complicated [11]. Clogging and blockage are the
main problems in the printing process, and as explained, smaller-sized print core leads
to clogging.

There is a general procedure for extruding 3D bioprinting of bacterial nanocellulose
(BNC) by dissolution in 1-ethyl-3-methylimidazolium acetate (EmimAC) [12]. The syringe
is attached to the holder and connected to the cellulose solution, and the syringe pump
will manage the syringe actuator. A needle for ink dispersion is attached to the syringe. A
slight increase in the temperature of ink solution can cause dilution and ease the extrusion
of bioinks. The increase in the concentration of biomaterial requires an increase in printing
temperature to reduce the potential of blockage in the print head and nozzle [6].
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Biomaterial must be in a printable solution state, which is in a paste-like form [13].
Additional chemicals such as isopropanol were used to clean the building plane and induce
an easier transfer of printed material. For example, in extrusion bioprinting, the dual
crosslinking technique is the recent finding where two different biomaterials, polyethylene
glycol and cellulose nanofibrils (CNF), are required [14]. It needs to be crosslinked before
and after bioprinting by placing it under the light for photo-crosslinking. The crosslinking
of biomaterial improved the properties of the printed product and showed better potential
to be used as a bioinks. LDM technique is suitable for printing liquid bioink due to the
printer’s design.

2.2. Stereolithography

Stereolithography, a compatible 3D printing technique, uses digital light processing
where an ultraviolet lamp is used as the curing agent [15]. Moreover, the excess resin can be
eliminated from the printed material by cleaning with a suitable alcohol solution. Recently,
a new printing technique was discovered in which it uses fast hydrogel stereolithography
printing [16]. This technique can produce a centimeter-sized printed product such as a
hydrogel scaffold in several minutes by using photopolymerization. The printing setup
uses digital light processor (DLP) devices to print the image on the photosensitive material
in the liquid tank. Some parameters such as the condition of photopolymerization, force-
driven, and velocity of hydrogel need to be controlled. Low printing duration gives
advantages to this process as it lowers the chances of cell injury and deformation due to
lesser printing time.

Besides that, it uses a liquid resin that can provide natural support in printing the
hollow structure. Photopolymerization is an important process that affects the product.
It can be managed by controlling the energy, printing speed, polymer concentration, and
coefficient of photoinitiator absorption. In addition, there are studies on applying low force
stereolithography using a Form 3B printer with seven printing resins in the formation of
microfluidic devices for biological application [17]. Technically, low force stereolithography
uses a combination of the galvanometer, laser beam, filter, fold, and parabolic mirror in the
printing process. The maximum resolution is obtained by manipulating the channel and
pillar using software and adjusting the orientation of the printing angle. This improved
technique resulted in increased preciseness, accuracy, and less manufacturing stress on the
printed product. Culturing human endothelial cells on the printed disc shows that the disc
is biocompatible for cell seeding.

2.3. Inkjet

Inkjet printing is divided into two techniques, which are drop on demand (DOD)
and continuous inkjet (CIJ). It is a contactless printer that does not cause any damage to
the printed substrate during the process [18]. An exact small amount of bioinks droplet
(picolitre) is released onto the substrate or culture dish [19]. Sterilization of the printer is
required before adding the ink to minimize the risk of contamination. Sterilization can be
performed by exposing the printer to ultraviolet light for at least overnight, spraying the
cartridge with ethanol, and incubating the bio paper [20]. For inkjet printing of cellulose-
based hydrogel, it is recommended to use low viscosity ink as it will ease the printing
process [10]. This printing technique is able to print biomaterial ink directly on the body
through an automated or hand-held device [21]. The printing is precisely based on the
topography, and it is beneficial for an uneven wound area.

For 3D bioprinting of biomaterial using alginate and CNF, the centrifugation process
and withdrawal of the unused supernatant enable improvement in the dispersion of
CNF [22]. The accuracy of printing and excellent dispersion is determined by the micro-
sized 300 µm diameters of the printer head valve. At the same time, the flow rate depends
on the pressure of dispersion, time of valve opening, and distance of dosing. Additional
printing speed parameter is required in managing the distance between each printed line.
Besides that, stirring can lower the potential of ink from settling. CNF has better accuracy in
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terms of shape than alginates as it has low shear rates, higher viscosity, and shear-thinning,
but mechanical force could destroy it.

2.4. Laser-Assisted Bioprinting

Laser-assisted bioprinting (LAB) is a bioprinting technique that uses the laser to
deposit the bioink into the substrate surfaces. It applied the laser-induced forward-transfer
(LIFT) effect with the involvement of three components, such as the pulse laser source,
ribbon, or target, containing the bioink and substrate to accept the printed material [23,24].
The ribbon or target should be made of a non-absorbing material and coated with a thin
layer of absorbing metal for easier deposition of printed material [23]. The printing process
using LAB techniques takes almost 3 h for the whole printing. Moreover, it is required
to have a laminar flow cabinet and incubator to reduce the chances of contamination and
better printing efficiency, respectively [24]. The laser-assisted bioprinting workstation must
include specifications such as the laser wavelength, pulse duration, repetition rate, beam
quality, galvanometric mirror, CAD/CAM software, and printer cartridges [25].

For this technique, the bioink is in the liquid state, and its viscosity and cell composition
will determine printed cell quality [25]. Furthermore, the ink solution needs to maintain
its sterilization condition and viscoelastic properties during the printing process [24]. For
efficient printing, analyzing the cartridges under the microscope before printing can help
maintain the concentration and uniform distribution of cells to be entirely deposited on the
slide [24]. Besides that, loss of water and stable viscoelastic properties can be controlled
by locating the cartridge and holder onto the ice blocks before printing. Laser-assisted
bioprinting is an advanced bioprinting technique that can specify the cell density and the
3D organization of cells [23]. Other than that, it can imitate the physiological performance
of the actual component. This technique enables automation in processing and high
reproducibility of the printed material.

3. Potential and Limitation of Hydrogel as Biomaterial Ink
3.1. Biomaterial Ink

Three-dimensional bioprinting is an example of additive manufacturing. It is an
advanced 3D printing technique that can print living cells using biomaterial to support
and enhance the cells. The biocompatible material will undergo modification based on the
desired printed living cell before being added to the syringe. By using 3D bioprinting, it
avoids a high-risk cell seeding process and promotes high distribution of cells at multiple
locations as well as high cell density [26]. A significant comparison between 3D printing
and bioprinting was illustrated in Figure 1. Many studies have been conducted on the cell
and tissue for application in the medical field.

Figure 1. Difference between (a) 3D printing and (b) 3D bioprinting with the illustration using liquid
deposition modeling (LDM) technique.
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Significant differences in 3D printing and 3D bioprinting are based on the type of
ink being extruded from the nozzle. Biomaterial ink is the typical type of ink used for 3D
printing involving bio-based material in ink production. The biomaterial can interact with
or respond to the living cells where it is widely applied in medical treatment [27,28]. In
the late 1800s, the uses of biomaterials gained much attention and are being used widely
for medical purposes [29]. The interaction of biomaterial with biological cells might have
good or bad effects depending on the characteristics of the biomaterial [28]. At the early
stage of its development, the biomaterial is relatively inert and cannot be totally accepted
by the body [27]. The biomaterial should be biocompatible, non-toxic, bioactive, and
biodegradable for the human body [27,30].

For 3D bioprinting, the ink consists of a combination of living cells with the biomaterial
called bioinks [31]. Generally, it can be divided into two categories in which natural and
synthetic bioinks [32]. Bioink should express similar criteria as the other ink, such as
excellent mechanical properties and the ability to retain the cell throughout the printing
process. As it involves biologically, the bioinks must be biocompatible and cytocompatible
toward the living cell and extracellular matrix [31].

3.2. Potential of Biopolymer Hydrogel

Biopolymers are monomers attached by a covalent bond to form a larger molecule.
The phrase bio refers to the material produced by living things such as plants or microbes.
For medical application, most biopolymer is derived from microorganisms and are suitable
for drug delivery and tissue engineering [33]. The increase in waste production from
agriculture triggered the development of biopolymer material. Moreover, it can reduce
the possibility of global warming as the waste disposed into landfills decreases [34]. Some
controlled conditions are required in producing biopolymer where the microorganism
needs certain nutrients and a suitable environment for its development [33].

Cellulose and alginate are the common biomaterials used in preparing hydrogel for
the immobilization of microalgae [35,36]. CNF as the medium for immobilization of algae
and cyanobacteria shows better outcomes as it is in nanostructure with a high aspect ratio.
Moreover, it is fully transparent to penetrate light sources for cell growth [35]. At the
same time, alginate has suitable biocompatibility, simple handling, and can use thin layer
immobilization where it can provide constant light for capturing cell structure [35,36].
Further study has been conducted on the loading and releasing of protein in BNC hydrogel
using a high-speed technique [37]. It is claimed that the adsorption process increases
rapidly with the high-speed approach, but the release is slower compared to the adsorption
technique. This occurs due to instability of the protein, thickness of fiber, size of pores,
and density.

High-speed methods produce a higher thickness of fiber that partially close the pores
and a higher density that cause more obstacle in transport. However, a robust cell is
required during the 3D bioprinting process to ensure that those cells can endure physical
and biological stresses such as shear stress and unstable pH [9]. A study on superabsorbent
hydrogel was performed using sodium carboxymethyl cellulose (NaCMC) and cellulose in
the presence of NaOH/urea aqueous with epichlorohydrin (ECH) as the crosslinker [38]. It
is suitable for smart swelling and controllable delivery of protein.

Besides that, the loading and release of BSA from injectable polysaccharides-based
hydrogel, prepared from cation octa(γ-chloroammoniumpropyl) silsesquioxane (OCAPS),
chitosan, and oxidized hydroxypropyl cellulose show a successful analysis [39]. The release
of protein is analyzed using an ultraviolet spectrophotometer. The formulation for encapsu-
lation efficiency (EE) and drug loading efficiency (LE) is mentioned in Equations (1) and (2).

EE =
m1 − m2

m1
× 100% (1)

LE =
m
M

× 100% (2)
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m1 is referring to the total mass of BSA added, m2 is the mass of BSA in the solution, m
is the total mass of BSA in the drug-loaded hydrogel, and M is the mass of hydrogel after
drying. Their findings stated that the EE of hydrogel is approximately 100% and has an
efficient encapsulation.

Other than that, there is a study on the photo-controlled release of BSA from photo-
response hydrogel (PR-gel). It is developed from a combination of 4arm-PEG and azoben-
zene into CNF [40]. The release of BSA was conducted under the presence of ultraviolet
light, which will cause some changes in the hydrogel structure. The suitable wavelength
using UV radiation is 365 nm, while visible light is 400–500 nm. Leakage and diffusion of
protein from the hydrogel structure and trans-to-cis photoisomerization are the possible
causes of an increase in the release rate of protein.

The release of protein using BSA and lysozyme from sodium alginate-bamboo-bacterial
cellulose hydrogel shows that the lysozyme release is faster during the early phase [41].
The release rate control by electrostatic adsorption gives suitable pH-dependent release.
Meanwhile, BSA has a lower release rate because of stronger hydrophobic adsorption
generated by lignin. The hydrogel used in this study has an excellent ability to support
hydrophilic protein-based drugs, and it does not show any cell toxicity during the process.

Another study is on applying multi-layered spheres for protein-based drug release
using alginate and cellulose nanocrystals (CNC) [42]. The first and third layers of the sphere
consist of alginate, while the second layer combines CNC and bovine serum albumin (BSA).
BSA was loaded into the multi-layered sphere by incubation in the gastric fluid, and the
release was analyzed using a protein assay kit. It is explained that multi-layer spherical
hydrogel can manage and make a sustained protein release into the gastric environment.

Bacterial nanocellulose (BNC) can be used in drug delivery to observe the loading
and release behavior of protein albumin [43]. BNC for this study is being generated by
Gluconacetobacter xylinus using bottom-up approaches by culturing the aerobic bacteria on
the hydrogel. The high ability for protein absorption is analyzed on pure BNC compared
to wood pulp cellulose [43]. The study concludes that BNC is the best choice of carrier for
protein uptake. Despite that, some improvement needs to be made as the rate of protein
uptake by hydrogel is faster than the rate of release. The loading rate of the drug depends
on the time of loading and concentration of protein while released based on the amount of
loaded protein. Releasing protein requires additional time compared to the loading process
due to the concentration gradient, which causes a low diffusion rate. The application
of BNC shows similar behavior as the other hydrogels with more environmental and
user-friendly features.

Another study on protein enrichment uses superabsorbent polymer (SAPs) hydrogel
for membrane technologies [44]. The protein enzyme (BSA) shows an increase in con-
centration through the forward osmosis process. The study explained that the protein is
intact and has a low rate of denatured due to less membrane fouling, high performance of
dewatering, and no issues related to reverse draw diffusion. Besides that, an increase in
the contact area of the membrane, hydrogel mass, protein concentration, and number of
setups in series would produce better enrichment factors. Briefly, a summary of protein
immobilization for uptake and release in the hydrogel is simplified in Table 1.

Table 1. Review on the use of protein albumin with biomaterial-based hydrogel.

Type of Protein Hydrogel Release and Uptake Refs.

Protein albumin Bacterial nanocellulose, BNC

• Adsorption technique has slow uptake and
faster release.

• High-speed technique has faster uptake and
slow release.

[37,43]
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Table 1. Cont.

Type of Protein Hydrogel Release and Uptake Refs.

BSA

Superabsorbent polymer hydrogel:
Carboxymethyl cellulose, CMC, and

cellulose (Crosslinker: NaOH/urea aqueous
with epichlorohydrin (ECH))

• Release behavior is a biphasic release pattern
that is gradually and controlled by
the hydrogel.

• Release time is controlled by the content
of CMC.

[38]

BSA

Injectable polysaccharides-
based hydrogel:

cation octa (γ-chloroammoniumpropyl)
silsesquioxane (OCAPS), chitosan, and

oxidized hydroxypropyl cellulose

The encapsulation efficiency of hydrogel is
approximately 100%. [39]

BSA Photo-response hydrogel (PR-gel):
4arm-PEG and azobenzene into CNF

Photo-controlled released BSA using UV and
visible light

• UV shows faster release.
• Visible light shows slow release.
• Increased released rate of protein:
• Albumin outflow and diffusion from the

hydrogel
• Burst release can keep dosage in its effective

range.

[40]

BSA Multi-layered sphere using alginate and
CNC

Sustained release of the protein into the gastric
environment. [42]

BSA Sodium alginate-bamboo-bacterial cellulose
hydrogel

Lower released rate due to stronger hydrophobic
adsorption generated by lignin. [41]

Lysozyme Sodium alginate-bamboo-bacterial cellulose
hydrogel

Faster released at the early phase (conducted by
electrostatic adsorption) and suitable

pH-dependent released.
[41]

Furthermore, gel entrapment is one of the most practical active immobilization tech-
niques for algae in which the substrates are made up of biomaterial such as polymers,
proteins, and polysaccharides [45]. Polyacrylamide hydrogel has the potential to be the
medium for the immobilization of microalgae [46]. The sizes of pores play important
roles during immobilization, which increases the pores sizes causing the microalgae to
move freely. As the pore sizes reduce, the microalgae can be kept in their best state for
about 20 days. Polyethylenimine (PEI) can be used as an immobilization medium for
microalgae due to its biocompatibility [47]. The additional crosslinker impacts the growth
of microalgae and the rate of immobilization. Epichlorohydrin shows a better attachment to
microalgae compared to diethylene glycol diglycidyl ether (DGDE). This explains suitable
crosslinker is required for a suitable attachment of microalgae.

Several studies have been conducted for the immobilization of bacteria on biomaterial
for various applications. Physical adsorptions were used to immobilize Bacillus velezensis
strain on the microsphere of sodium alginate (SA)/polyvinyl alcohol (PVA)/nano zinc
oxide in the treatment of slaughter wastewater [48]. The higher degradation rate of chemical
oxygen demand and lower growth rate of the pathogen have resulted from the application
of immobilized bacteria on the combination of biomaterial. Besides that, bioluminescence
bacteria can be immobilized in the alginate beads to sense explosive material [49]. Even
though the detection using bacteria is successful, the exposure of engineered microbes
might impact marine life.

For the removal of polycyclic aromatic hydrocarbons (PAHs), soil washing can be
carried out efficiently by immobilizing the bacteria in PVA-SA hydrogel beads [50]. The
removal rate is higher and faster at a medium concentration of bacteria, and the hydrogel
can be reused, which reduces the cost and waste generation. The bacteria in the immobilized
hydrogel show better performance on adsorption and degradable activity than unattached
bacteria. Immobilization of the Clostridium intestinale strain on the alginate hydrogel beads
produces more biological hydrogen and reduces the formation of the end product [51].

Cell entrapment is a suitable method for the production of hydrogen as it is not
destructed in the hydrogel and grows at a steady state. Alginate hydrogel and electrospun
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polystyrene nanofiber were used as the substrate for immobilizing the bacteria cell. It can
provide suitable binding, cell protection, high cell activity, less restriction for cell growth,
and lower toxic generation [52]. Immobilization using the layer by layer technique gives
better stability to the structure, suitable thermal resistance, and lowered discharge potential
of the immobilized cell. Figure 2 shows the layer by layer technique for immobilized
bacteria on the hydrogel. Besides that, functional living ink (Flink) can be obtained by
encapsulating the living bacteria cell in biocompatible hydrogels such as hyaluronic acid,
k-carrageenan, and fumed silica [53].

Figure 2. Preparation of alginate hydrogel for the immobilization of bacteria in the layer. Reproduced
from [52] which is licensed under a Creative Commons Attribution-(CC BY 4.0) International License
(http://creativecommons.org/licenses/by/4.0/, accessed on 17 April 2022).

4. 3D Bioprinting Application

Additive manufacturing has been widely used in various industries and has focused
on medical applications for the past few years. Additive manufacturing in the medical
field is widely known as 3D bioprinting. The significant difference between medical
and non-medical fields application depends on the material used as printing ink. Three-
dimensional bioprinting used biomaterial with living tissues or cells in the printing process
where it required additional attention and care in handling the bioink. Applying additive
manufacturing in the medical field has improved the development and technology of this
industry. Tissue engineering and drug delivery are areas where 3D bioprinting is widely
used. Figure 3 shows some fields and industries that started applying printing techniques
to ease and faster the production process.

Figure 3. The fields involve the application of additive manufacturing for more efficient and
advanced products.
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4.1. Tissue Engineering

Three-dimensional bioprinting in tissue engineering has seen rapid development.
Tissue engineering refers to a field in which engineering uses living things such as cells
and tissues. Biomaterial will be the primary resource in constructing new tissues and
repairing damaged tissues or organs. Tissue engineering has become one of the important
fields in biomedical application due to its high potential in functionalizing biomaterials
and exploring various interesting medical areas. Figure 4 shows the successful application
of a 3D-printed hydrogel bone scaffold for replacing the tissue in rats and rabbits. Three-
dimensional bioprinting in tissue engineering should have outstanding biocompatibility
and be suitable for human use without causing any rejection or harm.

Figure 4. Printed bone scaffolds can replace the bone and cartilage defects in rat and rabbit,
(a) regeneration of skull defect in rats; (b) articular cartilage regeneration in rabbits. Reproduced
from [54] which is licensed under a Creative Commons Attribution-(CC BY 4.0) International License
(http://creativecommons.org/licenses/by/4.0/, accessed on 17 April 2022).

Some studies have implemented 3D bioprinting in tissue engineering using other
biomaterials. Inkjet bioprinting to print alginate hydrogel shows promising results and
process efficiency [55]. They developed their inkjet printer using a bio clean bench to reduce
contamination in printed material. The printer does not require any electrical energy during
printing. It can produce a smaller printed material and understand the effect of beads size
in 3D bioprinting.

Additionally, printing vascular tissue raised some concerns on selected criteria such
as chemically modifying the biomaterial, controlling the size of pores, and involvement of
growth factors [56]. It also stated that additional support is required during the printing
of vascular tissue, such as for sacrificial ink, which can be removed upon printing. Re-
cently, the conductive material in tissue engineering has been applied with 3D printing
techniques [57]. The use of conductive material as ink can produce a more functionalized
printed product that can reduce the rejection by the human body.

4.2. Drug Delivery

A drug delivery system commonly refers to the transport of drugs to the targeted area
in a controlled manner. The specific untreated area in the body is being detected, and the
drug is released based on body requirements. The loading techniques of the drug into the
3D-printed hydrogel scaffold for in vitro and in vivo study have been illustrated in Figure 5.
For the pre-loading technique, the drug is introduced with the biomaterial before printing,
while it is introduced once the hydrogel scaffold has been printed for direct loading [58].
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Previously, many issues related to the uncontrolled release of the drug have been identified,
and this situation can lead to side effects and further harm to the consumers.

Figure 5. Loading of drug into the scaffold before and after printing for the in vitro and in vivo
study. Reproduced from [58] which is licensed under a Creative Commons Attribution-(CC BY 4.0)
International License (http://creativecommons.org/licenses/by/4.0/, accessed on 17 April 2022).

Recent studies by researchers have shown that applying biomaterial and 3D bioprint-
ing has a high possibility of encountering problems related to the drug delivery process.
Three-dimensional bioprinting has been widely used for this system as it enables the modi-
fication of the drugs and gives a faster production period. There are few mechanisms for a
controlled released system of drugs, such as temporal-controlled, distribution-controlled,
and erosion-controlled [59]. The drug delivery system is divided into two major groups,
which are oral and transdermal delivery systems. The oral drug delivery system is admin-
istered into the body by passing through the oral system, while transdermal delivery is
through the skin. Each controlled release and drug delivery system has its roles and benefit
for the pharmaceutical field.

Further studies on the solid drug dosage form have continued to determine the effect
of geometry and composition on the dissolution of the drug [11]. The composition will
highly affect the dissolution of the drug compared to its surface area and geometry. Mini
tablets generated from passive diffusion provided smoother surface structure and minor
surface defect compared to hot-melt extrusion as it depends on the quality and density
of the filament. Hot-melt extrusion can obtain higher drug loadings and weights but
lower filament homogeneity. Moreover, this also led to complexity in getting the desired
filament diameter.

4.3. Protein Study

Protein is one of the critical nutrients abundantly present in the human body. Every
cell has protein for the growth of the cell [60]. Protein is a substance made up of amino
acids, a group of organic molecules. There are a few types of protein, such as collagen,
gelatin, silk, polysaccharides, milk, and wool protein [61]. The application of protein is
quite complex due to its three-dimensional structure and strong molecular force.

Protein expresses some unique characteristics and properties to ensure that it has
the ability to work with cellulose-based hydrogel. The solubility of the protein in water
depends on its structure and pH. Higher acidity and alkalinity tend to increase the solubility
of the protein. Protein can react with various chemical and mineral acids to form other
products. It is being tested in multiple methods such as the Biuret test and Pauly test [62,63].
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A study on the loading of protein was conducted in BSA solution for three days and then
released using phosphate buffer solution (PBS) [38]. The release behavior of the protein
shows a biphasic release pattern in which it starts with a gradual release then followed by
a slow release. It is claimed that larger-sized hydrogel pores provide faster protein release
and are highly capable as the polymeric carrier for protein transport.

4.4. Immobilization of Microalgae

Algae is an aquatic organism that will undergo photosynthesis to produce useful
material. In general, a light source will aid algae in converting water and carbon dioxide
into biomass. Commonly, algae are divided into two main groups, which are macroalgae
and microalgae, and have complex structures [64,65]. Size and cellular structure are the
characteristics used to classify the algae into the two main groups [66]. Macroalgae, larger-
sized algae, have a multicellular structure, while microalgae are unicellular cells and smaller
in size [67]. Naturally, algae can be obtained from ponds, oceans, and wastewater, but for
commercial production, it can be cultivated in open or closed systems [66].

Recently, the production process used a minimum cost high yield method, and biomass
production can increase up to 98% using open system cultivation [68,69]. The cultivation
process of microalgae is faster where it can produce twice the actual amount within 24 h [70].
Besides that, the quality and amount of light supply, irradiance, photoperiod, and seasons
of the area can also impact the growth rate [71].

Because of algae’s characteristics, it has been used in various applications and fields
such as the feedstock for biodiesel, source of carbon for fermentation, wastewater treatment,
atmospheric carbon dioxide mitigation, and the pharmaceutical industry [66,72]. Accessible
production and high yield of microalgae have gained the attention of researchers worldwide
to apply algae in several potential sectors. Microalgae’s advantage is fast adapting to an
unfamiliar environment and can be produced in large quantities in less time, maintenance,
and cost [69]. Lipids, proteins, and carbohydrates are the main components produced from
microalgae biomass in huge amounts and are the primary producers of food sources for
the other aquatic organisms [72,73].

Hydrogel as the medium for immobilization of microalgae has been proven in some
studies based on its ability to grow. The soft structure with high water content can support
the growth and cell activity for culturing microalgae. For immobilizing microalgae, two
approaches can be applied, which are the encapsulation of the microalgae in the polymer
matrix and creating substrate from natural sources before seeding the microalgae [46,74].
Nanoporous silica matrix is an example of a polymer matrix, while agar, alginate, and
cellulose can be used as the source to fabricate substrates such as hydrogel.

Bold basal medium (BBM), a freshwater algae medium, is an important medium for
growing algae. The ability to immobilize microalgae can be understood by inoculating the
hydrogel or agar with the microalgae species and then further culturing with BBM [46].
Another method can be performed by preparing agar with BBM followed by inoculating
microalgae on the top of the agar surface [75].

4.5. Immobilization of Bacteria

Bacteria, the most simple and abundant organism with more than 5000 species that
have been identified, hold a critical function in supporting the ecosystem and the envi-
ronment [76]. The classification of bacteria depends mainly on the metabolic and genetic
characteristics as their structure does not differ much from each other.

A few factors affect the growth of bacteria, such as pH, temperature, nutrients, oxygen
level, concentration, and species of bacteria [77]. Bacteria have been applied in many
industries due to their potential and properties such as biological hydrogen, wastewater
treatment, soil washing, biofilms, and biosensors [50,51,78–80]. Immobilization of bacteria
on the surfaces depends on the characteristic of the material, the bond between surface and
linker, physiological medium, and properties of bacteria [80]. Bacteria can be immobilized
in two different techniques, which are through attachment to hard surfaces and hydro-
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gel. Adsorption, crosslinking, cell entrapment, and cell encapsulation are the common
techniques applied in the immobilization process.

In the immobilization of bacterial cells, 3D printing has the potential to be a new
technique for encapsulating cells in less processing time. Multiphoton lithography, one
of the laser printing methods, has been used to encapsulate bacteria cells within the BSA
hydrogel [81]. Chemical crosslinking of the polypeptides requires gelatin from BSA and
photo-sensing molecules at a suitable temperature. Bacteria will then be encapsulated in
the thermal control BSA hydrogel and starts to grow within the 3D structure. Bacteria can
grow rapidly in the culture medium without showing any potential for cell death because
of exposure to extracellular factors. The micro-3D printing technique can be used as the
most potent approach in rapidly producing an abundant amount of complex organisms
with precise dimension and resolution. Despite this, it requires more costly equipment and
is less suitable for a high production rate.

Multimaterial direct ink writing technique was used in fabricating the hydrogel dig-
itally, and it gives unlimited choices of shapes and compositions. The bacteria can grow
freely in the printed structure, form any desired shapes, and have a higher survival rate.
The size of the hydrogel will increase up to 1.5 times larger than the actual size after immer-
sion in the bacterial medium due to some deviation in the concentration of ions between
hydrogel and culture medium.

4.6. Immobilization of Human and Animal Cells

Recently, 3D printing has changed its direction toward the medical field, especially
for human applications. Many studies were performed involving human and animal cell
tissues. The characteristics and properties of cell tissues call for extensive attention as it
requires an appropriate working environment and handling procedure for cell survival.
The growth of cell tissues need compatible surrounding with enough supply of nutrient,
and hydrogel is one of the choices suitable to mimic the body tissue and provides all
necessities. The application of hydrogel and 3D bioprinting will be thoroughly discussed
in this section.

The hydrogel is made up of PVA, SA, and MXene without the presence of any chemical
crosslinked [82]. MXene is the transition metal carbide capable of incubation and can
improve the conductivity properties of the hydrogel. The conductivity of the hydrogel
is analyzed by attaching the LED sensor to the hydrogel. It is found that the LED sensor
increases in brightness once the hydrogel is compressed, and the response time is slower.
This hydrogel can detect motion responses, such as at the knee or wrist, by converting the
movement signal into an electrical signal. The sensor can be located directly on the human
body for reading and analysis. These findings show that hydrogel has suitable conductivity
and works well for sensors based on the stress exerted on its structure.

A study has been conducted using phenol-grafted polyglucuronic acid (PGU) as
bioinks for 3D bioprinting [83]. The ability of the hydrogel to be used in cell culture
was analyzed using mouse fibroblast and human hepatoma cells. PGU is one of the
potential microbial polysaccharides for bioprinting ink as it requires less pre- and post-
processing. The gelation of PGU-Ph solution required horseradish peroxidase (HRP)-
catalyzed reaction and hydrogen peroxide. A faster gelation time is observed with the
increases in the concentration of PGU-Ph and decreases in the concentration of hydrogen
peroxide. Cell viability of mouse fibroblast and human hepatoma cells in PGU-Ph hydrogel
shows high viability percentage of 95% and 94%, respectively, on day 2 and kept constant
until day 11. Mouse fibroblast does not form any cell aggregates, while human hepatoma
cells aggregation kept increasing during the culture process, which means that the cell kept
growing in the hydrogel.

Recently, there have been a few studies on the involvement of 3D bioprinting in scar
therapies. Besides that, printing hamster cells using a thermal inkjet is successful as it is
represented by green fluorescent during the viability study [20]. Cell printing can be used
as one of the methods of delivery to the targeted cell. It is stated that the cell is in suitable
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condition and shape during and after the printing process. The formation of transient pores
can automatically fix the defect and produce a suitable transfection efficiency.

A model on human hypertrophic scars was constructed by producing bioink from
decellularized extracellular matrix and hydrogel from alginate and gelatin [84]. Human
hypertrophic scar cells show potential characteristics for drug testing and exhibit the same
profile as scar at a specific gene and protein level. Preformed cellular aggregates (PCA) are
the bioprinting technique used to form a scars model that can help in tissue morphogenesis.
It is suitable for spontaneous multicellular processes and can reduce modeling time. The
viability of the cell is considered high, which is more than 90%. Moreover, it does not
express any changes in cell morphology. However, it increases the rate of proliferation
and the ability to migrate. This study successfully explains the formation of scars by using
hydrogel and a 3D bioprinting technique that can mimic the native scars and be applied in
drug delivery.

Other than that, there is a study on reducing the potential of scar contraction using
a dermal extracellular matrix (dECM) in a 3D-printed dermal analog [85]. Bioink dermal
extracellular matrix powder (dECMp) is prepared from dECM with the same material
composition and morphological characteristics. Crosslinked printed dermal analogs (PDA)
show a great cytocompatibility (>75%) through the analysis with L929 fibroblast compared
to the control medium. It can minimize the contraction of the wound and the formation of
scars. The crosslinking used is glutaraldehyde (GA) solution, and its concentration will
control the printed shape and strengthen the tensile properties. Hydrogel in scars therapies
shows an excellent characteristic for application with drugs and lowers the contraction
of scars.

Moreover, there is some study on microparticles and beads for better efficiency as the
size is reduced and the surface area increases. Alginates microparticles can be fabricated
using multichannel 3D printing for protein encapsulation. They are suitable for human
mesenchymal stem cells once combined with a collagen scaffold [86]. The printing devices
were built with more than one channel for ink deposition based on the phases, and it uses
droplet-based techniques. Shear stress is the factor that forms microparticles with spherical
shapes, while the size of microparticles is affected by the flow rate of mineral oil and
alginate solution. The microparticles were used to study the release of BSA, and it shows
the same pattern, which is the burst release for the first five hours and then continued with
a fast release. Burst release should be controlled as it can concentrate protein in one place
and lower the performance of protein encapsulation. Human mesenchymal stem cells show
suitable viability after five days in collagen scaffolds with alginate microparticles, as more
than 90% of cells can be analyzed from a cell staining kit. Furthermore, the microstructure
of alginates does not affect the morphology and spread potential of cells.

Another study uses hydrogel granules from the extrusion of hyaluronic acid hydrogel
through porous nylon fabric in assisting human-induced pluripotent stem cell (hiPSC)-
derived neural networks [87]. Three-dimensionally printed tools able to reduce time and
produce repetitive hydrogel granules for the extrusion process. Cell viability in granules
hydrogel is better than in bulk hydrogel, and it can encourage cell attachment and extension.
Granules have an excellent ability to match any tissue type due to boundary intersection.
Moreover, the size of granules hydrogel will influence its performance as the smaller size
provides more active space than larger granules. In vitro cell culture treatment of neurology
disease and drug screening can be performed efficiently by applying the multiphase cell
encapsulation of hydrogel.

5. Cellulose-Based as Biomaterial Ink
5.1. Preparation for Biomaterial Ink

Cellulose-based biomaterials express great potential in 3D bioprinting. CMC can be
used as bioinks due to its excellent shear adjustment, alteration of viscosity, and attribute
of shape [88]. For example, the application of direct ink writing as the printing technique
for water-based ink of NaCMC with humidity control [89]. Suitable print head and nozzle
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humidity are crucial in printing for robustness and repeatability of the process. Moreover,
it can avoid faster drying of the ink bridge and ensure a higher quality of printed surface
as the humid surrounding might increase the water content.

Whereas nanocellulose has great potential to be printed due to its ability to pass
through a micro-sized nozzle and release a precise shape. Nanocellulose is a natural fiber
extracted from cellulose with a size less than 100 nm in diameter and has up to micrometers
in length [90]. The preparation of nanocellulose is divided into three effective techniques,
which are mechanical disintegration, chemical reaction, and biological reaction [91]. A
brief explanation of the common techniques applied is listed in Figure 6. The type of
nanocellulose is determined by the method of extraction. Mechanical disintegration results
in nanofibrillated cellulose while extraction using chemicals produces CNC, and biological
reaction is used to produce BNC [3].

Figure 6. Preparation techniques in producing cellulose and nanocellulose by top-down and bottom-
up approaches involve mechanical disintegration, chemical treatment, and biological synthesis.

Mechanical disintegration is used to break down cellulose pulp into smaller sizes
and commonly uses fibril delamination to improve the mechanical properties of extracted
nanocellulose. The standard mechanical treatment is ball milling, blending, ultrasonic,
and electrospinning. The mechanical technique has its disadvantages where high energy
is required for the process and can lead to a low amount and quality of the product [92].
High-pressure homogenization is one of the efficient processes. A tiny nozzle will deliver
the cellulose slurry at high pressure and change into nanocellulose due to impact and shear
force [92]. Because of the very small nozzle size, clogging might be the main problem, and
it can be controlled by slightly reducing the size of cellulose prior to the process.

Other than that, microfluidization requires a pump to supply pressure and a chamber
as a place for the shear process to occur [92]. Besides that, ultrasonication is a process
that uses sound energy to cause agitation of particles. It applies an extreme oscillation
using the hydrodynamic force of ultrasound [93]. Another technique under mechanical
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disintegration is grinding and cryocrushing. The grinding process has two grindstones,
which are static and rotating grinding stones. The slurry will flow in between the two stones
to form nanosized fiber [94]. Cryocrushing involves immersing cellulosic fiber in liquid
nitrogen and turning it into small pieces by high pressure from mortar and pestle.

Besides that, the chemical treatment can also produce nanocellulose, and some possible
techniques are acid hydrolysis, carboxylation, sulphonation, and ionic liquid. Extracting cel-
lulose using ionic liquid is environmentally friendly as most of the solvent can be recovered.
The main and commonly used technique for chemical treatment is acid hydrolysis [90].
The ordered region will undergo a hydrolyzation process using acid, while the disordered
will remain without any treatment. It involves chemicals such as sodium hydroxide, sul-
furic acid, and sodium bicarbonate [3]. The suspension is centrifuged and decanted with
deionized water a few times until it obtains a neutral pH.

In the biological approach, enzymatic hydrolysis can be applied for pretreatment
due to its potential to produce less chemical waste and energy consumption. Enzymatic
hydrolysis uses the application of enzymes in digesting and transforming the structure of
cellulose, and typically, this process takes a longer time [90]. Less adjustment on structure,
excellent crystallinity, and thermal stability are expected when the cellulose undergoes a
suitable pretreatment before the extraction [95].

5.2. Curing of 3D-Printed Cellulose Hydrogel

Hydrogels are a set of polymer chains bonded with a covalent or physical bond and can
form a structure like mesh by applying a crosslinker [96]. Hydrogel is a gel-like structure,
and it is water-resistant [97]. Some hydrogels are known as intelligent hydrogels as they
can be temperature-sensitive, pH-sensitive, glucose-sensitive, stimuli-sensitive, protein-
sensitive, and superabsorbent due to their unique characteristics [96,98]. The hydrogel can
maintain its three-dimensional structure as it is a water-swollen polymer and contains a
hydrophilic functional group in its structure. Due to the wet and soft structure of hydrogel,
relatively low friction is required. Moreover, the hydrogels can self-heal based on their
electrostatic attraction [97]. They will not dissolve in any solution and hold a high amount
of water or any biological fluid [99].

There are two categories of hydrogel based on the type of crosslinker, which is phys-
ical hydrogel, where the formation is reversible and chemical hydrogel for permanent
formation [100,101]. Physical hydrogel is produced from a non-covalent crosslinker, while
chemical hydrogel is produced from covalent bonding. The presence of crosslinkers will
affect the physical properties of the polymer and hydrogel. Table 2 describes the example
of the crosslinking process that will affect hydrogel properties.

Table 2. Review on the effect and application of crosslinking toward hydrogel formation.

Crosslinker Material Hydrogel Composition Processing Technique Benefit Refs.

CaCl2

CNF and alginates Adding CaCl2 to the
bioink solution.

• Increase viscosity of ink for
suitable shape fidelity.

• Low tendency in
shape deformation.

[22]

CMC/SA/chitosan Soak the film in the CaCl2 for
2 min.

• Can improve tensile strength
until certain limits. [102]

Alginic acid sodium salt
and methylcellulose

Immersion in crosslinking
solution for 10 min. [36]
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Table 2. Cont.

Crosslinker Material Hydrogel Composition Processing Technique Benefit Refs.

Ca2+
CNF Ionic crosslinking before

printing.

• Improve viscosity of ink.
• Stable printed material

before photo-crosslinked.
• Suitable shape fidelity of

PEG-CNFs hydrogel.

[14]

CNF, alginates, and
colloidal lignin particle

nanocomposites scaffold

Stored in Dulbecco’s phosphate
buffer solution (DPBS) for 7 days

with Ca2+ and Mg2+ ions.

• Suitable shape stability.
• High swelling ratio. [103]

PVA and SA

1st: Crosslinked PVA by
freeze-thawing method

2nd: Crosslinked sodium
alginates by immersed in CaCl2.

• Faster hydrogel response.
• Suitable mechanical

properties.
[82]

ECH CMC and cellulose

Addition of crosslinker into
hydrogel solution at 30 ◦C and

stir for 2 h.
Kept for 12 h at 60 ◦C for the

formation of the gel.
Hydroxyl group of cellulose and

CMC crosslinked by
nucleophilic attack.

• Commonly used as
crosslinking for
carbohydrates.

• Improve swelling ratio.
[38]

Disulfide bonds

Hyaluronic
acid/carboxymethyl

cellulose-based hydrogels
(HA/CMC)

Oxidation reaction of dissolved
oxygen in solution between the

thiol groups a 37 ◦C.

• Better structure of hydrogel.
• Improve swelling ratio. [104]

Thiol–ene
photoreaction of

norbornene groups
PEG and CNF

Under visible light by exposing
the blue light for 3 min at
460 nm and 25 mW cm−1.

• Better mechanical properties
of hydrogels.

• Enhanced stability.
• Stable for cell incubation in

2 weeks.

[14]

Dimethyl sulfoxide
(DMSO) and N, N’-

Methylenebisacrylamide
(MBA)

Cotton cellulose Immersion in the crosslinked
solution after printing.

Provides better ability for
reswelling and compression

properties.
[105]

N,N′-
methylenebisacrylamide

(MBA) and
potassium persulfate

(KPS)

CNC−poly(acrylamide)
Stir hydrogel and crosslinker in a

nitrogen bubble for
deoxygenation in 10 min.

• Fix the topological network.
• Suitable viscoelastic

characteristic of hydrogel.
[106]

Natural hydrogel is gaining more attention for its application in the medical field [98].
There are a few types of natural hydrogel from alginate, cellulose, chitosan, and protein.
The hydrogel of crosslinked alginate and gelatin is better due to its low stiffness, fast
degradation reaction, excellent metabolic activity, and suitable adhesive properties com-
pared to the unlinked alginate. Chitosan has gained recognition in drug delivery due to
its smart delivery and properties that are high in biocompatibility and biodegradability.
Moreover, it enables injection, direct formation of gel, and regeneration of tissue. For
protein-based hydrogel, it expresses biological function with high compatibility. Suitable
strength, shear-thinning, and the potential to respond to a stimulus are some other advan-
tages of using protein-based hydrogel. Protein-sensitive hydrogel might be helpful in the
advanced therapeutics field [96].

Hydrogel can be produced by using a few techniques such as photopolymerization
and radiation with the application of physical or chemical crosslinking [74]. For example,
CNC-based hydrogel can be prepared from various methods such as homogenization,
cyclic freeze-thaw processing, free radical polymerization, and UV/ion-mediated crosslink-
ing [107]. Forming hydrogel using ultraviolet light in polymerization techniques can
control the behavior of reactions and produce suitable quality hydrogel in less time [46].
The summary of common methods available in hydrogel fabrication is summarized in
Figure 7.
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Figure 7. Few techniques for hydrogel formation.

Preparation of hydrogel from polyethylene glycol and cellulose nanofibers requires
mixing of solution, sonication, and storage in a dark place [14]. Then, it will be added with
calcium chloride before being placed in the mold for 3 min under blue light. Moreover, the
homogenization process can be applied as the final process in extracting cellulose to form a
cellulose-based hydrogel. A high-pressure cell homogenizer with the circulation of cooling
water can reduce the potential of damage generated from excess heat released from the
process [108].

A freeze-thaw method is another example of hydrogel production. An insoluble
gel is produced in the early phase of the phases separation process and will generate ice
crystals [101]. The ice crystal generated from the freezing process will trigger gelation of
the solution, where it tends to be a crosslinker point [99]. A porous matrix is formed in a
freeze-thaw method as the poor region of polymer will be surrounded by a rich gel region.
The freezing process can be conducted at −18 °C while thawing at room temperature [99].
The cycle for freezing and thawing, temperature, and duration are the critical parameters
in the hydrogel formation [101,109]. Gelling of CNC using the freeze-thaw method can be
carried out in the water and polar organic solvent, which produces hydrogel and organogel,
respectively [110]. Even though this method consumes more time, it has become one of the
standard methods as it requires less energy and is environmentally friendly [101].

Another technique for hydrogel production is free radical polymerization, which has a
faster rate of polymerization and can be used in an aqueous solution [101]. The crucial step
for this method is the application of the initiator in polymerizing the monomer. Moreover,
there are possibilities for fabricating hydrogel using radiation-induced crosslinking under
mild conditions without the presence of toxins from the crosslinking agent. The production
of CNC-poly(acrylamide) (PAM) hydrogel can apply this method [106]. Acrylamide was
used in the free radical polymerization with the presence of some solid reagent, followed
by deoxygenation using bubbles of nitrogen and stirring before adding to the mold.

Ultraviolet radiation can be used as one of the techniques for producing cellulose
hydrogel. As an example, UV radiation in aqueous media was used for the formation of
poly (N, N-dimethylacrylamide) (PDMA)/cellulose hydrogel [111]. The PDMA is attached
to the CNC surface with the help of UV radiation in the water-soluble photoinitiator. This
method does not need any extra chemical crosslinker. The interaction between PDMA
and CNC polymer is a reversible physical interaction and has a suitable stability of the
covalent bond. Other than that, the fabrication of CNC hydrogel uses the exposure of
UV radiation under 365 nm (wavelength) [112]. For further analysis, the gel requires
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repeated purification to remove the excess material and freeze-drying using nitrogen for a
better result.

5.3. Recent Trends of 3D Bioprinting Cellulose

All the published articles related to cellulose, 3D printing, and 3D bioprinting from
Scopus were analyzed using VOSviewer for the bibliometric analysis and visualization
research trends for the past 10 years. Based on Scopus, the analysis of the publication
trends related to the keywords is increasing rapidly. Figure 8a shows the publication trend
generated from Scopus. The number of documents only being specified to the articles
type documents. The trends show that 3D printing of cellulose has a significant increase
over the past 5 years compared to the 3D bioprinting of cellulose. The gap between
these two keywords is huge due to the involvement of 3D bioprinting with cellulose is
still new and less research. The co-occurrence analysis by VOS viewer is specified to
20 minimum number of occurrences of keywords. The generated cluster shows 3 clusters
with 103 thresholds. Figure 8b shows the visualization of co-occurrences analysis by
VOSviewer. Cellulose and 3D printing show the highest repetition represented by the size
of the sphere, while 3D bioprinting is smaller. This can be related to the trend in Figure 8b.

Figure 8. (a) Publication of article by year (Source: www.scopus.com, accessed on 17 April 2022) and
(b) the co-occurrences analysis by all keywords.

134



Polymers 2022, 14, 2260

Recently, there has been some implementation of 3D bioprinting with nanomaterials
to study drug delivery systems. The filament used in fused deposition modeling is melted
using hot-melt extrusion and then soaked in nanocellulosic solution to observe the loading
process [113]. It is mentioned that the infill percentage only affects the mean weight of
printed tablets. The weight decreases once the infill percentage becomes lower. A com-
parison of 50% and 100% infill percentages indicate that the printed material’s diameter
and height are unaffected. Furthermore, choices of polymer are important in determining
the drug content and the percentage of drug loading. The drug loading can be more ad-
vanced when the drug in a solid form is produced from the transformation of nanocapsules
liquid suspension.

Drug delivery of 5-Fluorouracil using 3D-printed cellulose macrofibrils/calcium car-
bonate has shown an efficient control of drug release [114]. The cellulose macrofibrils were
printed using 3D printing techniques and mixed with calcium carbonate at different ratios.
The adsorption of the drug by the 3D-printed sample can be controlled by the presence of
CaCO3. Cellulose macrofibrils can control the possibilities of rapid release. Besides that,
laminating nanocellulose with calcium carbonate also shows an excellent adsorption and
desorption process [13]. There is a significant difference in the percentage of adsorption and
release of drugs for both nanocellulose and calcium carbonate. The adsorption of calcium
carbonate is 75% higher in a shorter time.

For 3D protein printing, an early model printer has been developed using some
components from the HP660C printer [115]. The printer is being modified and specified
according to the requirement for protein printing, and software was used to control the
location of printing. Ink cartridges used for protein printing are the original printer
cartridges with multiple cleaning processes to avoid contamination. The study found that
25% of cells died after incubating for three days due to cell dehydration.

The application of 3D bioprinting produces a very neat and suitable structure for
immobilization, which can affect the distribution of light and nutrients [36]. Cultivation of
microalgae on bacterial cellulose is expected to merge the properties of cellulose with the
photosynthetic criteria of microalgae [116]. The study found that microalgae have a huge
potential for 3D bioprinting as they can be printed in layers with multiple geometries and
sizes. The printed microalgae have stable physical properties as they can handle physical
changes and high water content in the surrounding.

Despite the advantages, this technique might affect the physiological state of the cell. A
study has been performed on fabricating hydrogel from alginate and methylcellulose to im-
mobilize Chlamydomonas reinhardtii [117]. The immobilization of microalgae was observed
by the increase in cell number due to the growth of cells in hydrogel under a photosynthetic
environment. Moreover, the release of oxygen indicates a suitable photosynthesis process
during immobilization and cell growth. Furthermore, the fabrication and crosslinking of
the hydrogel are not affected by the existence of the microalgae. Methylcellulose will ease
the printing process and is released after crosslinking. Releasing it will create micropores
as the growth spot for algae.

Hydrogel produced from alginate and nanocellulose gives some insight into the
advancement in hydrogel properties. A combination of alginate and CMC for wound
dressing application can have better ink for printing due to its ability to form gelation and
the suitable properties of viscosity and elasticity [118]. Moreover, the combination can
lower the potential of syneresis and provide better mechanical and compression properties
for resistance against deformation [119]. Fast gelation of the hydrogel can be performed
with the presence of Ca2+ from the carboxyl group in alginates and CMC [120]. A mixture
of alginates and CMC can provide better printing due to the higher viscosity of the ink
solution. In tissue engineering, the combination of polyethylene glycol polymer with
TEMPO-oxidized nanocellulose fiber found that the crosslinked material has excellent
elastic recovery [14]. It can restore its original shape once being released from the extrusion.
The composition of the ink causes variations in mechanical properties, swelling properties,
and fractionation of hydrogel.
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Other than that, 3D bioprinting in producing human chondrocytes has been studied
using a combination of nanocellulose and alginate as the biomaterial [22]. The viability of
the cell is compared between a printed and non-printed material. It is found that there is
no change in the cell viability on the first day, but it starts to increase viability after seven
days of the cell being cultured. Moreover, this combination of bioink is highly compatible
with 3D bioprinting. Three-dimensional bioprinting can improve the tissue engineering
fields by reducing the time consumed and providing a great product. The acceptance
of printed material by the human body has increased with the use of hydrogel and high
biocompatibility biomaterial in the printing process.

6. Conclusions

In conclusion, the fabrication of cellulose-based 3D-printed products has been ex-
tensively explored. In contrast, cellulose-based hydrogel shows great properties such as
suitable tensile strength, elasticity, viscosity, and is lightweight. In the future, it is expected
to be extensively applied in the medical and pharmaceutical industry as it has suitable cri-
teria for biological application, and many recent studies are directed toward 3D bioprinting.
Moreover, the direction of additive manufacturing starts to lead toward smart materials
that respond to certain stimuli or parameters. Besides that, the application of hydrogel for
the immobilization and growth of microalgae, bacteria, human and animal cells, and the
properties to imitate the extracellular matrix makes it possible for any biological study.
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Abstract: Zein, a subproduct of the food industry and a protein, possesses limited applications due
to its high hydrophobic character. The objective of this research was to investigate the influence
of homogenization pressure and cycles on the volumetric mean diameter (D4,3), span values, and
Turbiscan Stability Index (TSI) using the response surface methodology for microfluidized emulsions
containing zein as a unique stabilizer. Results showed that homogenization pressure seems to be
the most influential parameter to obtain enhanced physical stability and droplet size distributions,
with the optimum being 20,000 psi. Interestingly, the optimum number of cycles for volumetric
diameter, span value, and TSI is not the same. Although a decrease of D4,3 with number of cycles
is observed (optimum three cycles), this provokes an increase of span values (optimum one cycle)
due to the recoalescence effect. Since physical stability is influenced by D4,3 and span, the minimum
for TSI is observed at the middle level of the cycles (2 cycles). This work highlights that not only
volumetric diameter, but also span value must be taken into consideration in order to obtain stable
zein emulsions. In addition, this study wants to extend the limited knowledge about zein-based
emulsions processed with a Microfluidizer device.

Keywords: emulsion; droplet size distribution; microfluidization; Pickering emulsion; response
surface methodology; Turbiscan Stability Index; zein

1. Introduction

Emulsions are biphasic systems, where droplets are dispersed into a continuous
medium. These systems are thermodynamically unstable. However, they can be kinetically
stable. In emulsions, there are different destabilization processes, such as flocculation,
creaming, sedimentation, coalescence, Ostwald ripening, and phase inversion. Droplet size
distribution is an emulsion property that can determine its physical stability since it influ-
ences rheology, creaming rate, and microstructure. Interestingly, droplet size distribution
can be quantified using different parameters, e.g., Sauter diameter, volumetric diameter,
span, or uniformity. There are several studies that relate these parameters with physical
stability and rheology [1–3]. Normally, smaller medium droplet sizes and narrower droplet
size distributions provokes higher viscosities and enhanced physical stability.

Zein protein, a food by-product obtained from corn, has attracted much attention due
to its multiple applications [4]. Among these, it is important to highlight the development
of zein-based products as drug delivery or encapsulation systems [5,6]. However, zein
has limited application for stabilizing Pickering emulsions due to its high hydrophobic
character [7,8]. In addition, zein is only soluble in highly alkaline (pH > 11) solutions [9] and
ethanol. Hence, Pickering emulsions stabilized by zein particles alone are scarcely efficient
and they could cream easily. Several attempts have been made to solve this problem, e.g.,
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by the incorporation of polysaccharides or combination with other proteins to modify the
zein-based composite particles, aiming to enhance the physical stability and properties of
zein-based Pickering emulsions [10,11]. Interestingly, zein shows a helical wheel quaternary
structure [12]. Different treatments (physical, chemical, and enzymatic) are used to modify
the structure and conformation of proteins, which can modify the physicochemical and
functional properties [13].

Different mechanical devices have been used in order to develop emulsions with an
appropriate droplet size distribution: rotor-stators, microfluidizers, ultrasonics, or high-
pressure valve homogenizers [14]. The base of these devices is the use or an external
energy to break large droplets into smaller ones during emulsification. Microfluidization is
specialised for the formation of uniform emulsions or nanoemulsions. This device uses a
high-pressure pump that forces the dispersed and continuous phases through an interaction
chamber composed by small channels named microchannels. An impingement area along
these microchannels produces fine droplets, normally smaller than one micron [15]. In
addition, microfluidization can be used as a physical modification method for proteins and
dietary fibers. In this way, ternary and quaternary structures of the proteins can be modified
as a result of high shear forces, resulting in an improvement of functional properties of
proteins [16]. Microfluidization has been used to enhance functional properties of various
food products, such as hazelnut skin fiber [17], high methoxyl pectin [18], and whey
protein [19]. The study of microfluidization or ultrasonication applied to the development
of zein-based emulsions is very limited [20,21].

The response surface methodology (RSM) was first reported by Box and Wilson
(1951) [21]. Nowadays, this methodology is used in multiple fields, such as microbiol-
ogy [22], chemical engineering [23], or environmental sciences [24]. The base of RSM is to
use some designed experiments to explore the relations between independent variables
(X) and the response variable (Y) and obtain an optimum using linear or second-degree
models. This statistical technique models and analyses problems in which a response of
interest (Y) is influenced by other variables (X1, X2, . . . ).

The main objective of this work was to evaluate how the span parameter and volu-
metric diameter of zein-based emulsions can influence the physical stability of emulsions
using the response surface methodology. The minimum of volumetric diameter and span
parameter were determined and related to the physical stability measured by Turbiscan
Stability Index (TSI). This study wants to extend the limited knowledge about concentrated
emulsions stabilized only with zein and developed by microfluidization. It also contributes
to the study of microfluidized food grade emulsions in connection with their droplet size
distributions and physical stability, which is of paramount importance for their handling
properties.

2. Materials and Methods
2.1. Materials

Zein protein was provided by Sigma Aldrich (St. Louis, MO, USA). Sunflower oil
containing 40 wt.% of oleic acid was obtained from Coreysa company (Sevilla, Spain). All
emulsions were prepared using deionized water.

2.2. Functional Properties Determination: Solubility and Zeta Potential

Suspensions of 1 g zein/100 mL were prepared by adding the protein to water adjusted
to various pH values ranging from 1 to 13 with 0.5 M HCl or 0.5 M NaOH. Afterwards,
zein solubility was quantified as described by Peterson [25]. For the determination of the
Z-potential, a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) was used, using the
Smoluchowski equation [26]. The measures were carried out in triplicate.

2.3. Microfluidization of Food Emulsions Formulated with Zein Protein

The formulation used for the preparation of emulsions was 0.5 wt.% of zein, 50 wt.%
of sunflower oil and deionized water. Firstly, the continuous phase was prepared by
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dispersing zein protein into deionized water and adjusting the pH to 11.5 [9]. Then, a coarse
emulsion (batches of 250 g) was prepared, at room temperature, using a Silverson L5M
(Silverson, Chesham, UK) for 90 s at 8000 rpm. Finally, finer emulsions were homogenized
using a Microfluidizer M110P (Microfluidics company, Westwood, MA, USA) at different
processing parameters (Table 1). The microfluidizer device was used with a configuration
of Y + Z and a refrigeration temperature of 20 ◦C.

Table 1. Experimental design, processing parameters, volumetric mean diameters (D4,3), span and
Turbiscan Stability Index (TSI) values for all emulsions studied.

Sample X1 X2 Pressure Cycles D4,3 (µm) span TSI

1 −1 −1 5000 1 9.65 ± 0.87 1.980 16.35
2 −1 0 5000 2 7.58 ± 0.55 1.925 13.51
3 −1 1 5000 3 6.57 ± 0.51 1.718 13.97
4 0 −1 15,000 1 1.72 ± 0.11 1.015 6.22
5 0 0 15,000 2 1.22 ± 0.07 1.051 6.02
6 0 0 15,000 2 1.25 ± 0.09 1.071 6.09
7 0 0 15,000 2 1.27 ± 0.08 1.06 6.05
8 0 1 15,000 3 0.97 ± 0.06 1.629 6.10
9 1 −1 25,000 1 2.59 ± 0.18 1.228 6.75
10 1 0 25,000 2 1.94 ± 0.16 1.455 6.58
11 1 1 25,000 3 1.71 ± 0.13 1.702 6.55

2.4. Design of Experiments

An experimental design and response surface methodology were used to analyze the
relationship between the dependent variables (volumetric mean diameter, span, and Tur-
biscan Stability Index) and independent variables (number of cycles and homogenization
pressure). The experimental design consisted of three levels and two factors, generating
32 experiments. This results in 9 experiments and 2 additional replicates of the central point
(see Table 1). Every experiment was conducted by duplicate. All the data were analyzed
with a one-way analysis of variance (ANOVA) at a 95% confidence level. All the experimen-
tal design and data analyses were performed using the Echip software (Experimentation
by Design, Wilmington, DE, USA).

2.5. Laser Diffraction Measurements

In order to characterise droplet size distribution of the emulsions developed, a Malvern
Mastersizer 2000 (Malvern, UK) was used. Furthermore, volumetric diameter (D4,3) was
used in order to quantify and compare the mean diameters of the emulsions developed.
Finally, span parameter values were used to quantify the polydispersity of the droplets
created.

D4,3 =
N

∑
i=1

nid4
i /

N

∑
i=1

nid3
i (1)

span =
D90 − D10

D50
(2)

where di is the droplet diameter, N is the total number of droplets, ni is the number of
droplets having a diameter di, and d90, d50, d10 are the diameters at 90%, 50%, and 10%
cumulative volume.

2.6. Multiple Light Scattering Technique

Turbiscan Stability Index (TSI) is a parameter that allows physical instability to be
quantified and compared. It has been calculated following Equation (3):

TSI = ∑
j

∣∣scanref
(
hj
)
− scani

(
hj
)∣∣ (3)

145



Polymers 2022, 14, 2195

where scanref and scani are the initial backscattering value and the backscattering value at
a specific time, respectively, and hj is a specific height in the measuring cell.

In order to obtain this parameter, backscattering measurements were carried out for
the samples developed at different aging times using Turbiscan Lab Expert (Formulaction,
France).

3. Results and Discussion

Figure 1 shows the solubility of zein in water and the Z-potential as a function of
pH. On the one hand, zein is in a low solubility condition throughout the investigated
pH range from 2.5 to 7. In addition, a significant increase for solubility was found at pH
values higher than 8. At these pH values, zein side chains contain more negative net charge,
influencing its structural stability, i.e., giving rise to higher solubility. This behavior could
be explained by the electrostatic interactions produced by the side chains with ionizing
properties as well as hydrogen bond formation with the solvent. On the other hand, the
potential value Z follows a downward trend as the pH increases, starting the highest value
coinciding with pH 2.5 (lowest value evaluated) and reaching its minimum at a pH of 11.5.
The most significant zeta potential drop is between pH 8 and pH 9.5. From this, it can be
deduced that the isoelectric point of the protein will be in this range. This value coincides
with what was found by other authors in the literature who establish that the isoelectric
point is between 5 and 9 [27]. However, increasing the pH to 11.5 results in an improved
solubility. Hence, pH 11.5 is selected for the evaluation of emulsion development. High
ionic strength decreased the solubility and emulsifying activity of zein suspensions [28].
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Figure 2 shows the droplet size distribution for emulsions containing 50 wt.% sun-
flower oil and 0.5 wt.% of zein (ration 1:10) as a function of microfluidization parameters
studied (pressure and cycles). First of all, the droplet size distribution of the pre-emulsion
is bimodal, while microfluidized emulsions show a monomodal distribution. Secondly,
the use of microfluidization provoked a clear reduction of droplet sizes, thus proving its
importance. Furthermore, there is a decrease of droplet size when pressure increases from
5000 to 15,000 psi after just one cycle. However, an increase of droplet size is observed
above 15,000 psi. This fact is a clear sign of recoalescence due to over-processing. This
usually occurs using microfluidization in emulsions where the protein/surfactant does not
entirely cover the oil-water interface [29]. Hence, this result suggests that there is a lack of
protein in the interface. In order to obtain a deeper insight into these results, Figure 3 is
illustrated.
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Variation of the volumetric diameter (D4,3) with homogenization pressure for different
numbers of cycles is shown in Figure 3. The clear decrease in droplet size from 5000 to
15,000 psi is also observed here. In addition, a small increase in droplet size highlights the
slight recoalescence from 15,000 to 25,000 psi. Whereas a big reduction of droplet size is
observed from one to two cycles at 5000 psi. This is not noticed at 15,000 or 25,000 psi, and
could be due to the lack of protein concentration to stabilize smaller droplets.

Results obtained for volumetric diameter and span values as a function of homoge-
nization pressure (P) and cycles (C) are shown in Table 1. This table also illustrates the
experiments design that has been carried out. These results have been modelled and
optimized using the response surface methodology (RSM). On the one hand, the relation
between volumetric diameter with microfluidized parameters is indicated in Figure 4 and
in Equation (4). Equation (4) states that volumetric diameter fits a quadratic function of
P and C with a determination coefficient (R2) of 0.99. This coefficient suggests the great
correlation between the experimental results and the model.

D4,3(µm) = 1.22− 2.92·P− 0.73·C + 0.55·P·C + 3.57·P2 (4)
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Furthermore, F critical (Fcrit), which determines the significance of the groups of
variables, is higher than F lack of fit (Flof) with p = 0.05, which tests how well the model
fits the data. This fact is a clear indication of the suitability of the model. Volumetric
diameter was sensitive to the homogenization pressure and number of cycles. Analyzing
the coefficients of Equation (4), homogenization pressure seems to be more influential than
cycles for volumetric diameter. These trends are clearly seen in Figure 4. At intermediate
pressures, and especially at high pressures, the influence of the number of cycles on the
diameters is not very significant. However, regardless of the number of cycles, volumetric
diameters vary significantly with homogenization pressure. Taking this model into account,
the minimum of volumetric diameter was at 20,000 psi and three cycles.

On the other hand, the relation between span values obtained with homogenization
pressure and number of cycles is indicated in Figure 5 and in Equation (5). This correlation
is also a quadratic one with more influence of homogenization pressure. In this case, the
value of R2 is 0.89, showing a good fit. This fit presents a minimum at 20,000 psi and one
cycle. In addition, there is an increase of span values from one to three cycles at 15,000 and
25,000 psi (see Table 1). The latter could be due to the recoalescence effect abovementioned.
The increase of number of cycles provoked a reduction of volumetric diameter but also
an increase of span values. This fact has been reported for other emulsions containing
proteins [30]. It is important to notice that physical stability of emulsions is not only
influenced by mean diameters, but also by span values [31].

span = 1.126− 0.211·P + 0.137·C + 0.184·P·C + 0.481·P2 (5)

Figure 6 shows the variation of backscattering (BS) with height of the measuring cell
as a function of aging time for the pre-emulsion. There is a big drop in the lower part of
the measuring cell, that is related to a clarification process. Hence, the droplets are moving
to the upper part of the vial. This is the definition of the creaming process. This process
occurs in 1 hour and a half in this pre-emulsion. Therefore, the pre-emulsion showed a
very poor stability due to its wide droplet size distribution centered at a big droplet size.
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Figure 6. Variation of Backscattering (∆BS) with height of the measuring cell as a function of aging
time for the pre-emulsion.

Figure 7 illustrates the variation of backscattering (∆BS) profile with height of the
measuring cell as a function of aging time for the emulsion processed at 15,000 psi and
two cycles. A decrease of ∆BS with storage time in the bottom and upper part of the vial
is observed. These facts are a clear indication of a clarification process in the bottom part
and a higher concentration of droplets in the upper part, i.e., a creaming process. Two
big drops are observed, pointing to the destabilization process by creaming. Compared
to the pre-emulsion (Figure 6), it seems that emulsions processed using the microfluidizer
showed an enhanced physical stability.
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Figure 8 illustrates the relation between TSI values with homogenization pressure
and number of cycles. In addition, Equation (6) states that TSI values follows a quadratic
function with a determination coefficient (R2) of 0.99. Furthermore, the homogenization
pressure is also the most influential variable. The trend of the TSI with respect to homoge-
nization pressure and the number of cycles observed in Figure 8 is similar to that shown
in Figure 4 for volumetric diameter. Thus, while the TSI is heavily influenced by pressure
regardless of the number of cycles, it does not vary significantly with the number of cycles
at intermediate and high pressures. The minimum is observed at 20,000 psi and two cycles.

TSI = 5.89− 3.99·P− 0.45·C + 0.55·P·C + 4.88·P2 (6)
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Analyzing every minimum of the models, it is interesting to note that 20,000 psi is a key
factor to obtain a good droplet size distribution and enhanced physical stability. However,
while the minimum volumetric diameter is obtained at three cycles, the minimum span is
obtained at one cycle and the minimum TSI value at two cycles. This fact is explained by
the recoalescence that these emulsions present. There are more cycles in the microfluidizer
and a lower volumetric diameter, but higher span values. Interestingly, physical stability is
influenced by the two factors. In this way, the minimum for TSI is observed at the middle
level of the cycles (two cycles).
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4. Conclusions

Recently, the interest in the use of zein in the development of emulsions and bio-based
delivery systems has been increasing. In this study, a solubility study has proven that
pH 11.5 is suitable to prepare emulsions with zein. Optimization of the microfluidization
parameters (homogenization pressure and cycles) in order to minimize the volumetric
diameter and the span value of concentrated emulsions containing zein and sunflower
oil was carried out. It has been proven that microfluidization provokes monomodal
distributions regardless of homogenization pressure and number of cycles, improving
the droplet size distributions (DSD) of the pre-emulsion. In addition, overprocessing has
been observed for emulsions which have been summited above 15,000 psi, suggesting that
zein does not entirely cover the interface. The response surface methodology has proven
its importance to obtain not only a clear minimum of volumetric diameter, span value,
and TSI, but also the key processing parameter (homogenization pressure) that influences
these properties. Interestingly, the minimum of volumetric diameter, span, and TSI are not
the same. This fact points out that volumetric diameter and span have to be taken into
consideration in order to obtain stable zein emulsions. This study has revealed the impact
of microfluidization on concentrated emulsions formulated only with zein as stabilizer,
highlighting the importance of the selected pressure to develop these systems.
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Abstract: Compared with polyolefins that are used as single-use plastics, polylactic acid (PLA) has
a lower tear strength in films. The relationship between the tear strength and the higher-order
structure of films was investigated using PLA films that absorbed moisture at 30 ◦C and 95% relative
humidity (RH) or that had been annealed under reduced pressure conditions. Although the mobile
amorphous (MAm) amount did not change under high humidity, the film became brittle due to
enthalpy relaxation. The crystallization by annealing also caused embrittlement, and the MAm
amount decreased to 10%. The displacement until tearing is lowered from 2.5 to 0.5 mm in both
cases. However, in situ retardation measurements revealed that there was a significant difference
in the fracture morphology of the torn tip. When crystallized, the molecular chains and crystals are
oriented in the tensile direction of the film, and a fragmented structure is observed in the ligament.
Embrittlement due to enthalpy relaxation caused a weak orientation perpendicular to the tensile
direction of the film, and cracks occurs along with this orientation.

Keywords: biopolymers; tear strength; amorphous structure

1. Introduction

Disposable packaging containers are often used for food distribution. In order to
preserve food, packaging materials are required to be sterile and have gas permeability to
prevent food spoilage. Petroleum-derived polymers such as polyolefins are inexpensive
and are often used as disposable packaging materials. When used packaging is disposed
of in the natural environment, these plastics take a long time to decompose into water
and carbon dioxide. Additionally, when released into the ocean, it creates a great load on
the ecosystem [1].

Polylactic acid (PLA) has been expected to replace polyolefins as a packing material
because it is produced from biological raw materials [2]. PLA can be composted and
decomposed easily in humid and warm conditions. However, even after one year in
the ocean, PLA hardly shows any decomposition [3–5]. The marine environment has
the following several characteristics that make it distinct from soil and compost: a low
temperature, high salt content (conductivity), high pressure, and a low nutritional level
(nitrate, etc.). In addition, there are fluctuations in different seasons or regions, and the
water temperature also changes depending on the depth in the vertical direction. These
characteristics also affect the activity of the microorganisms in the ocean.

On the other hand, commercial PLA consists of the following two enantiomers: L- and
D-lactic acid, and the D-content is usually less than 5% for maintaining the crystallinity in a
molded product. PLA needs to crystallize for thermal stability because food containers are
frequently used in microwave ovens. When poly L-lactic acid (PLLA) and poly D-lactic acid
(PDLA) are blended in equal amounts, stereocomplex (SC) crystals form [6–8]. A molded
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product with SC crystals has excellent heat resistance. However, the hydrolytic degradation
of SC PLA is not faster than that of normal PLA, so utilizing PDLA does not solve the
microplastic problem in the ocean at lower temperatures and with fewer microorganisms.
When PLLA contains a few percent of D-form, the crystallization rate significantly reduces,
and the hydrolysis rate increases. Generally, the presence of a trace amount of comonomer
decreases the crystallinity of the random copolymer and changes its physical properties.
In the case of high-density polyethylene (HDPE) and polypropylene (PP), their films are
more flexible. According to the PE study [9,10], long-chain branches and high molecular
weight components that prolong the relaxation time reduce the tear strength. Whether the
crystallinity is the same in PE grades, PE with the smaller comonomer content exhibits a
higher tear strength. As the D content in PLA increases, the tensile elongation increases,
too. However, the elongation is much smaller than that of PE.

The reason for the brittleness of PLA is that the glass transition temperature (Tg) is ap-
proximately 60 ◦C, which is higher than room temperature. Even if L- and D-lactic acid are
copolymerized or SC crystals form, Tg does not change. Thus, various strengthening meth-
ods have been studied for packaging containers. There are several methods that can be used
to strengthen PLA [7,11–13], such as controlling the molecular structure of PLA by means of
copolymerization with monomers other than lactic acid, blending plasticizers, or biodegrad-
able polymers into PLA, and using natural materials as fillers [14]. Blending petroleum-
derived polymers and fillers have even been attempted [15,16]. Furthermore, strengthening
has been performed by utilizing polymer reactions such as cross-linking between differ-
ent kinds of polymers, grafting reactions, and transesterification reactions. However,
the degradability of this strengthened PLA in the ocean has scarcely been investigated.

Water is essential for the microbial and enzymatic degradation of PLA in the natural
environment. During the process of hydrolysis, the higher-order structure of PLA is
considered in a three-phase crystal, mobile amorphous (MAm), and rigid amorphous
(RAm) model. The ratio of the three components changes during the process [17]. When
hydrolyzed at 80 ◦C, which is a higher temperature than the Tg of PLA, it makes it difficult
for the crystals to decompose, and the RAm structure promotes decomposition [18]. In our
previous study, PLA films crystallized in the presence of water, even when the films that
crystallized without water had the same crystallinity, and were susceptible to hydrolysis in
a 70 ◦C and 95% RH environment [19]. Therefore, more detailed experiments are needed
on higher-order structures and during hydrolysis.

As mentioned above, PLA has many problems, and we cannot say it is a marine-
degradable polymer. However, in the development of food containers using marine-
degradable polymers, which is our ultimate goal, we believe that it will be a starting
point for finding a way to achieve both crystalline and degradable properties. Generally,
a highly hydrophilic polymer is easily hydrolyzable. Therefore, increasing the toughness
by absorbing water is the most appropriate method for improving the tearability of the
packaging material. This study deals with the relationship between the higher-order
structure of the PLA film, which is adjusted by water absorption and annealing, and the
tear strength. In this study, we focused on the tear strength of packaging films such as plastic
bags as an example of single-use plastics. The behavior of amorphous PLA in a constant
temperature and humidity environment was quantitatively analyzed by the change in
tear strength, which rapidly becomes brittle due to enthalpy relaxation. The deformation
occurring at the tear tip was observed in situ using the latest instrument with an optical
array. It is clarified that the mechanism of crack generation differs between the cases where
PLA has crystallized and the case where PLA is embrittled by enthalpy relaxation.

2. Experimental Setup

For the PLA, Total Corbion (Rayong, Thailand) L175 with a melt mass flow rate (MFR)
of 3 g/10 min at 190 ◦C was used. A compression-molding machine manufactured by Imoto
Seisakusho (Kyoto, Japan) was used to prepare the film samples. The PLA pellets were
pressurized at 6 MPa for 1 min after heating and melting at 190 ◦C for 4 min under reduced
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pressure; then, they were cooled at 20 ◦C for 2 min with a pressure of 6 MPa. The film
thickness was about 100 µm. To change the higher-order structure, the PLA films were
annealed at a predetermined temperature for 2 h under reduced pressure conditions in an
AS ONE (Osaka, Japan) AW-250N vacuum oven. The constant temperature and humidity
treatments were carried out at 30 ◦C and 95% relative humidity (RH) for a predetermined
amount of time with a Tokyo Rika Kikai (Tokyo, Japan) KCL-2000W.

After adjusting the conditions of the film as stated above, a sample with the shape
shown in Figure 1 was cut out from the film and used. A tear test was performed using
a Sanko (Nagoya, Japan) ISL-T300 at a span of 14 mm and a tensile speed of 1 mm/min
at room temperature. The measurement was repeated three times, and the average was
taken as the reported value. A Photonic Lattice Inc. (Miyagi, Japan) WPA-micro and
WPA-200 were used for the in-situ retardation measurements during the tear test to cap-
ture two-dimensional (2-D) mapping images of the retardation and the polarizing angles.
The behavior of the tearing films was recorded by a video camera and then captured in a
freeze-frame picture. After the tear test, the appearance of the torn films was taken using a
microphotograph with a KEYENCE (Osaka, Japan) VHX-950F.
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Figure 1. Illustration of the shape and dimensions of the film used for the tear test.

Thermal characterization was performed using differential scanning calorimetry (DSC)
with a TA Instruments (New Castle, DE, USA) Q200. The same samples were used during
the tear test. The change in specific heat (∆Cp) at the Tg was measured by increasing the
temperature from 0 to 210 ◦ C at 10 ◦ C/min. The mobile amorphous (MAm) portion was
quantified from the ratio of the change in the ∆Cp at the Tg to the completely amorphous
∆Cp 0.531 J/gK [20].

3. Results and Discussion
3.1. The Tear Strength of PLA after Conditioning in a Humid Chamber or an Oven

Polyolefins are non-polar and non-hygroscopic, and disposable plastic bags made
from this material have a strong tear strength. On the other hand, PLA has high polarity
and is easily affected by water. Thus, the film was conditioned at a high humidity of 95%
RH and at 30 ◦C, and the changes in the tear strength were then measured.

Figure 2 shows the load and the displacement of the crosshead during the tear test
of the PLA film conditioned in the humidity chamber. Since the film thickness was uni-
fied to 100 µm, the maximum load indicated the difference in yield strength between
films. Compared to the film (0 h) immediately after molding, the film that had been ad-
justed under high humidity conditions for one hour showed increased maximum strength,
but the amount of displacement until fracture did not change. After conditioning for 6 h or
more, the film was torn immediately after reaching the maximum load.
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Figure 2. The load and the displacement of the crosshead of the PLA film conditioned in the humidity
chamber for a predetermined amount of time from 0 h to 1 d in the tear test.

Figure 3 shows the load and the displacement in the tear test of the PLA film that was
annealed at a predetermined temperature under reduced pressure. The reference sample
(as molded) was prepared under the same conditions as the sample marked 0 h in Figure 1.
After annealing at 80 ◦C for 2 h, the maximum load did not change, but the amount of
displacement until tearing occurred decreased. When the annealing temperature was 90 ◦C
or higher, the maximum load increased, and the amount of displacement decreased, and the
tearability of the PLA film deteriorated.
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Figure 3. The load and the displacement of the PLA film annealed at a predetermined temperature
from 80 to 110 ◦C under reduced pressure conditions in the tear test.

3.2. The Appearance of Films after the Tear Test

The produced amorphous PLA film was transparent, and no changes were observed in
the transparency, even when moisture below the Tg was observed. On the other hand, when
annealing was performed at the Tg or higher, the transparent film became opaque as the
annealing temperature increased. Despite these differences in appearance, the elongation
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at the ligament was uniformly reduced in the tear test. Thus, the torn film was observed
under a microscope to determine the differences in the fracture morphology.

Figure 4 shows traces of tearing in the film that was conditioned in the humidity
chamber at 30 ◦C and at 95% RH. The ligament of the 0 h film was necked and stretched
into a thin film, and it was then cut off. After conditioning in the humidity chamber at 30 ◦C
and 95% RH for 1 h or more, black flaws occurred parallel to the tearing direction; that is,
tearing occurred in the direction perpendicular to the tensile direction. This black flaw is
considered to be a large crack. As the conditioning time increased, the thin-film portion
formed by necking became smaller, and the 1 d film had a brittle fracture morphology.
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Figure 4. Photographs showing indications that there are tears in the film conditioned in a humidity
chamber at 30 ◦C and 95% RH for a predetermined amount of time from 0 h to 1 d.

Figure 5 shows traces of tearing in the film annealed under reduced pressure condi-
tions. After annealing at 80 ◦C for 2 h, no changes were observed in the traces of tearing
compared to the mold film. Necking and stretching were observed in the thin film. When
annealing was performed at temperatures of 90 ◦C or higher, no necking deformation
was observed. In addition, the black flaws that were originally observed in Figure 4
did not appear.

3.3. Morphological Changes at the Tip of the Tear

The fracture morphology of the torn film changed significantly depending on the pre-
treatment conditions of the film. Because PLA is a semi-crystalline polymer, crystallization
is proceeded by annealing. Thus, it is natural for brittle fractures to appear after annealing.
In the case of the water-absorbing PLA, no changes were observed in the transparency in
spite of the embrittlement. As such, it can be inferred that the crack growth mechanism is
different in the amorphous and crystalline states. Thus, using 2-D retardation mapping,
we analyzed the distribution of the orientation and the direction of the fast axis of the
birefringence ellipsoid [21,22].

Figure 6 shows the distribution of the retardation at the tip of the tear and the direction
of the high-speed axis of the birefringent ellipsoid, showing a displacement of approxi-
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mately 0.4 mm. Figure 6a is a video capture image of the entire film. Necking occurred in
the ligament, and it began to tear.
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Figure 5. Photographs showing indications that there are tears in the film annealed at a predetermined
temperature from 80 to 110 ◦C under reduced pressure.
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Figure 6. Images of the in-situ retardation measurements at the tip of the tear: (a) video capture,
(b) 2-D mapping of the as-molded film, (c) 2-D mapping of the film-absorbed moisture after 6 h
in a humidity chamber, (d) 2-D mapping of the film annealed at 100 ◦C for 2 h under reduced
pressure conditions.
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Figure 6b is the in-situ retardation mapping of the torn tip of the as-molded film
during the tear test. The color change from ultramarine blue to dark red corresponds to the
retardation changes taking place from 0 nm to 275 nm. When the film thickness is reduced
by necking, the actual birefringence may be high due to the molecular orientation, but the
observed retardation may be small due to a thinner thickness. Repeating retardation is also
observed above 275 nm [22]. Although the film thickness was thin in the necking portion,
the degree of retardation was large. That is, the stress was high during necking. The ori-
ented direction coincided with the tensile direction. A local orientation perpendicular to
the tensile direction was observed at the tip of the tear.

Figure 6c is the in-situ retardation mapping of the moisture that was absorbed by the
film while in a humidity chamber for 6 h at 30 ◦C and at 95% RH. A striped pattern can
be observed in the entire portion of the ligament that is perpendicular to the extension
direction, and slight necking occurred at the tip of the tear. Furthermore, from the direction
of the arrow indicating the high-speed axis, it can be seen that the oriented fragments are
randomly spaced in the ligament.

Figure 6d shows the in-situ retardation mapping of the film that was annealed at
100 ◦C for 2 h under reduced pressure conditions. No uniform necking was observed in
the ligament, and fragmentation occurred. As compared to (b) and (c), the orientation was
parallel to the extensional direction at sites other than the ligament. From the comparison,
it can be assumed that there is a relationship between the orientation perpendicular to the
tension in (c) and the direction of the black flaws in Figure 4.

3.4. Changes in Heat Capacity at the Glass Transition Temperature

Generally, the crystallinity increases and the amorphous portion decreases as the
semi-crystalline polymer becomes more embrittled. Thus, using DSC, the amount of MAm
was calculated from the change in ∆Cp at the Tg. Figure 7a shows the change in ∆Cp
near the Tg of the film-absorbed moisture at 30 ◦C and at 95% RH for a predetermined
time. As shown in Figure 4, a brittle fracture was observed on the PLA film, but the ∆Cp
hardly changed, indicating that the amount of Mam was constant. On the other hand,
as shown in Figure 7b, when annealing was performed under the reduced pressure con-
ditions, the ∆Cp decreased, indicating that the amount of MAm decreased. Thus, in the
tear test, the higher-order structure of the film was different, even in the films showing the
same brittle fracture.
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Figure 7. Changes in specific heat (∆Cp) near the glass transition temperature: (a) the film conditioned
in a humidity chamber for a predetermined amount of time from 0 h to 1 d and (b) the film annealed
at a predetermined temperature from 80 to 110 ◦C for 2 h under reduced pressure conditions.
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3.5. Effect of Water Absorption on the Tear Test

When PLA is used in plastic bags, there is a problem in that the tear strength is lower
than that of existing polyolefins. Therefore, it is necessary to understand the tear behavior
of PLA film. As shown in Figures 2 and 3, the relationship between the displacement at
the breaking point and the maximum load measured in the tear test is plotted in Figure 8.
The as-molded film had a maximum load from 22 to 23 N and a displacement of 2 mm
or more. When annealing was performed at the Tg temperature or higher under reduced
pressure conditions, the maximum load increased to approximately 27 N, and the displace-
ment decreased to approximately 0.5 mm. Via this annealing, the film changed from an
amorphous state to a semi-crystalline state, with a crystallinity of 30% [19]. This increase in
rigidity and the decrease in elongation associated with such crystallization are common.
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Figure 8. The relationship between the displacement at the breaking point and the maximum load
measured in the tear test.

On the other hand, the maximum load and the displacement in the tear test changed
in the same way as they did during crystallization by annealing when the PLA film was
conditioned in a humidity chamber at 30 ◦C and 95% RH. Engineered general-purpose
plastics such as polyamide 6 and polyethylene terephthalate (PET) lose their rigidity as
they absorb more water because water molecules act as plasticizers [23,24]. However, PLA
becomes more brittle under high humidity conditions, as shown in Figure 4. The reason
for this is the enthalpy relaxation that is indicated in the ∆Cp at the Tg shown in Figure 7a.
Although PLA is embrittled by enthalpy relaxation [25,26], the effects of water on enthalpy
relaxation are unclear. From this study, it was clarified that PLA embrittles within one hour
under high humidity conditions. Polycarbonate (PC) is an example when considering the
cause of the rapid progress of PLA enthalpy relaxation due to water. PC has high toughness,
but the ductile-brittle transition occurs due to enthalpy relaxation. When the temperature
of physical aging closely approaches Tg, the yield stress increases in a short time, and then
the brittle fracture occurs [25]. Even if the temperature of physical aging is Tg or less,
the molecular chains move at a higher temperature, and PC reaches the thermodynamically
stable state in a short time. It is considered that the physical aging of PLA is promoted by
increasing molecular motion due to water absorption even at a constant temperature.

3.6. Influence of Mobile Amorphous on the Fracture Generation

Figure 9 shows the relationship between the amount of MAm in the PLA film and
the maximum load in the tear test. The enthalpy-relaxed film has a higher amount of
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MAm than the film that was crystallized by annealing. Regardless of the differences in the
amount of MAm, the film broke due to brittleness when the maximum load was about
27 N. Therefore, considering the practical use of PLA in plastic bags, no differences can
be observed in the tearing characteristics regardless of the higher-order structure of PLA
in the amorphous or semi-crystalline state. However, the behavior of fracture at the tip
of the tear is very different between the two. In Figure 6d, the extensional direction and
the orientation of the film coincide with each other. Generally, molecular chains or lamella
crystals are arranged in the extensional direction. However, Figure 6c shows how the
orientation is perpendicular to the extensional direction. In this case, the retardation that
was generated in the film was very low, so the orientation of the amorphous molecular
chains was small. Since this orientation coincides with the direction of the flaws and cracks
generated around the ligament, it may indicate a pre-fracture stage such as the widening of
the spaces between amorphous molecular chains.
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4. Conclusions

The tear test was carried out at room temperature, which is lower than the Tg of PLA,
meaning that the elongation in the break is smaller than that of polyolefins, which has
a Tg that is lower than the test temperature. However, when using PLA as a packaging
material, the essential problem is that the film ligament demonstrates little necking activ-
ity due to the embrittlement caused by crystallization or enthalpy relaxation. Therefore,
in order to strengthen PLA, a polymer blend using a plasticizer that modifies the amorphous
part and a biodegradable polymer with a low Tg that will strengthen the semi-crystalline
part has been studied [7,11–13]. For polystyrene and ABS resin, which are synthetic poly-
mers, techniques for modifying them using elastomers have been accumulated. However,
a biodegradable elastomer with a high-impact modification performance has yet to be
found. From this study, copolymers or a miscible polymer blend that slow down the
enthalpy relaxation of PLA are also recommended as toughening techniques.
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Abstract: Obesity is rapidly becoming an emerging disease in developing countries due to the
Westernization of societies and lifestyle changes. This study evaluated the ameliorative effect of
acidic heteropolysaccharides derived from Tremella fuciformis (TFPS) on high-fat diet (HFD; 34.9%
fat)-induced obesity in mice. The TFPS exhibited high uronic acid content and high viscosity in water.
The structural characteristics of TFPS showed that average molecular weight was 679 kDa, and the
monosaccharide composition was galactose, glucose, fructose, xylose, fucose, and mannose at a ratio
of 1.0:6.5:10.0:18.5:30.5:67.5. In an in vivo study, HFD-induced obese C57BL/6 mice were orally given
a TFPS treatment at 1 and 2 g/kg of body weight for 8 weeks. The TFPS treatment significantly
reduced features of obesity in the mice, namely weight gain, feed efficiency, body fat percentage,
and serum cholesterol level and increased fecal lipid content, compared with mice fed an HFD with
water. In addition, TFPS exhibited the inhibition of cholesterol micelles in vitro in a concentration-
dependent manner. In conclusion, the TFPS treatment ameliorated the diet-induced obesity in the
mice, presumably reducing fat absorption in the intestine by interfering with viscous TFPS.

Keywords: high-fat diet; obesity; polysaccharide; Tremella fuciformis; uronic acid; viscosity

1. Introduction

Obesity is a condition in which the body is over deposited due to changes in physio-
logical or biochemical functions, resulting in weight gain [1]. Obesity is rapidly becoming
an emerging disease in developing countries due to the Westernization of societies and
lifestyle changes [2,3]. Overweight and obesity are also world problems. According to the
World Health Organization, approximately 1 billion people are overweight or obese [2].
Obesity, classified in terms of the body mass index and waist–hip ratio, has several associ-
ated comorbidities, namely diabetes mellitus, hypertension, degenerative osteoarthritis,
and infertility [3]. Along with insufficient physical activity, the Westernization of diets has
contributed to the global obesity epidemic. Fruits, vegetables, and whole grains are being re-
placed by readily accessible foods high in saturated fat, sugar, and refined carbohydrates [2].
An increased intake of dietary fiber appears to be effective in treating obesity [4]. Fiber-rich
food is usually satisfying without being calorically dense [5]. Smith et al. [6] have reported
that the supplementing a normal diet with gel-forming fibers increases satiation probably
by slowing gastric emptying. Apart from a beneficial effect during caloric restriction,
dietary fiber may improve some of the metabolic aberrations seen in obesity [5,6].

165



Polymers 2022, 14, 1514

Tremella fuciformis, known as silver ear mushroom or white jelly fungus, is an edible
basidiomycetous jelly mushroom that has been favored in Asia for centuries. The edi-
ble part of T. fuciformis is transparent to white with a jelly-like taste and is full of water
soluble and indigestible polysaccharides. Polysaccharides are regarded as the major bioac-
tive components of T. fuciformis, and studies have reported their bio-activities, such as
humoral immune responses, antitumor, hypoglycernic, and hypolipidemic activities [7].
The structural characteristics of the polysaccharides derived from T. fuciformis contain
glucuronoxylomannans, which consist of a linear (1→ 3)-linked-α-d-mannose backbone,
mainly with β-d-xylose and β-d-glucuronic acid in the side chains [8,9]. A study [10] re-
ported that these polysaccharides inhibited adipocyte differentiation through suppressing
the expression of PPAR gamma, C/EBP alpha, and leptin; however, no study has investi-
gated whether T. fuciformis polysaccharide supplements have anti-obesity effects in vivo.
Therefore, this study examined the anti-obesity effects of the acidic heteropolysaccharides
derived from T. fuciformis in a Western diet (high-fat diet) in mice.

2. Materials and Methods
2.1. Preparation of T. fuciformis Polysaccharides

The fruiting bodies of T. fuciformis were obtained from Well Youth Biotech Co., Ltd.
(Taichung, Taiwan). Sawdust was used as the main cultivation substrate. The moisture
content in the fresh fruiting bodies was 89–93%. To prepare the polysaccharides referred
to by Yang et al., previously published [11], the fruiting bodies were cut into pieces and
extracted by 10-fold of distilled water by weight at 80 ◦C for 4 h. Filtration was applied to
remove debris, and 4-fold volume of 95% ethanol at 4 ◦C was added to the filtrate for 12 h
to precipitate crude polysaccharides. A commercial total dietary fiber assay kit (K-TDFR,
Megazyme, Ireland) was applied to the crude polysaccharides for removing the starch and
proteins and obtained the indigestible T. fuciformis polysaccharide (TFPS) according to the
AOAC 993.19 method.

2.2. Characterization of Indigestible TFPS

The TFPS were purified and fractionated using anion-exchange chromatography on a
DEAE-650M column (Tosho, Tokyo, Japan). The DEAE column was eluted with 20 mM of
Tris–HCl (pH 7.8), followed by a sodium chloride gradient (0–0.33 M). The carbohydrate
elution profiles of the TFPS were analyzed according to the phenol-sulfuric acid method,
with glucose as the standard, and measured at 490 nm [12]. In a chemical analysis, the
protein content of the elution was measured using a modified Bradford method assay
with bovine serum albumin as the standard [13], whereas the carbohydrate content of
the elution was determined using the phenol-sulfuric acid method [12]. The content of
uronic acid was determined using the m-hydroxydiphenyl method, with glucuronic acid
as the standard [14]. In a nuclear magnetic resonance (NMR) analysis, the major fraction
from the DEAE elution (5 mg) was dissolved in deuterium oxide (0.5 mL), and 1H-NMR
spectra were recorded on a Bruker DRX-600 spectrometer (Bruker BioSpin, Billerica, MA,
USA) at 20 ◦C using 3-(trimethylsilyl)-propionic 2,2,3,3,-d4 acid sodium salt as an internal
reference (δ 0.00 ppm). The relative molecular mass (Mr) was determined using high
performance-size exclusion chromatography (HP-SEC), using a TSKgel PWHguard column
with PWH (75 mm × 7.5 mm i.d.; TOSOH, Tokyo, Japan), TSKgel G4000PWXL, and
G2500PWXL (300 mm × 7.8 mm i.d., TOSOH) columns connected in series. The columns
were eluted with 0.3 N of a sodium nitrate solution containing 0.02% sodium azide at a flow
rate of 0.8 mL/min at 65 ◦C. Peaks were detected using an interferometric refractometer
(Wyatt Technology, CA, USA). The average Mr was estimated by comparison with the
retention time of the pullulan standard P-82 kit (molecular weights of standards: P-800,
708 kDa; P-400, 375 kDa; P-200, 200 kDa; P-100, 107 kDa; P-50,47.1 kDa; P-20, 21.1 kDa; P-10,
9.6 kDa; and P-5, 5.9 kDa; Shodex, Kawasaki, Japan) and blue dextran 2000 (GE Healthcare,
Uppsala, Sweden). The determination of molecular weights was also analyzed by dynamic
light scattering (nanoPartica SZ-100V2, HORIBA, Kyoto, Japan). In a monosaccharide
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composition analysis, samples were hydrolyzed using a methanolysis method [15] for
uronic acids analysis and trifluoroacetic acid (TFA) hydrolysis for neutral sugars. The
resulting sample was analyzed using high-performance anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD). The peaks were detected using an
817 Bioscan PAD detector (Metrohm, Zofin-gen, Switzerland) and a CarboPac PA1 column
(Dionex, Sunnyvale, CA, USA). The eluent consisted of 10 mM of sodium hydroxide and
1 mM of barium acetate (Sigma–Aldrich, MO, USA), pumped at a flow rate of 0.5 mL/min.

2.3. Determination of Viscosity and Inhibition on Cholesterol Micellization

Various concentrations of the TFPS were dissolved in distilled water (0–1.5%), and the
viscosity was measured using a Sine-wave Vibro Viscometer SV-10 (A&D Co., Ltd., Tokyo,
Japan) at a constant frequency of 30 Hz. The sample volume used in this experiment was
35 mL for each sample, measured at 25 ◦C, 37 ◦C, 50 ◦C, and 75 ◦C, respectively. As for the
determination of inhibition on cholesterol micellization, a 15 mM phosphate buffered saline
(PBS) (pH 7.4) containing 0.5 mM cholesterol, 4.8 mM lecithin, and 13.2 mM taurocholic
acid was treated under ultrasonication at 37 ◦C for 24 h to prepare a cholesterol micellar
solution [16]. In addition, 0.5 mL of TFPS solution in various concentrations (0–1.5%, w/v)
was mixed with equal volume cholesterol micellar and incubated at 37 ◦C for 1 h. After
incubation, the mixtures were centrifuged at 3000 rpm for 10 min and the supernatant
was passed through a Millex-GP Syringe filter (0.22 µm, Millipore, Darmstadt, Germany),
and the cholesterol in the filtrate was measured by a commercial cholesterol analysis
kit (Fortress diagnostics, Antrim, UK). The inhibition of micellization was calculated by
comparing the cholesterol level of the control group (TFPS 0 µg/mL) with the cholesterol
level while the solution contained TFPS.

2.4. Animals and Experimental Design

The experimental animals received humane care, and the study protocols complied
with the institutional guidelines of China Medical University for the use of laboratory ani-
mals (protocol No.: CMUIACUC-2017-286). The animals were housed in an air-conditioned
room (21–24 ◦C) under 12 h of light (8:00 a.m.–8:00 p.m.) and were given free access to
food pellets and water throughout the study. Eight-week-old male C57BL/6 mice were
purchased from the National Laboratory Animal Center (Taipei, Taiwan). The mice were
acclimated for 1 week and randomly divided into four groups (n = 12); normal diet (ND),
high-fat diet (HFD) (control), HFD TFPS (low dose; HFD-TL), and HFD TFPS (high dose;
HFD-TH). The ND mice were fed a maintenance diet (2.85 kcal/g, Altromin 1320, Altromin
Spezialfutter GmbH & Co. KG, Im Seelenkamp, Germany), whereas the HFD mice were
fed an HFD (D12492, Research Diet Inc., Brunswick, NJ, USA), which consisted of 34.9%
fat and 5.24 kcal/g. The ND and HFD (control) mice were orally given distilled water
(10 mL/kg body weight), and the HFD-TL and HFD-TH mice were given the TFPS at 1 and
2 g/kg of body weight, respectively, every day for 8 weeks using oral gavage. Body weight
and food intake were measured twice a week, and unconsumed food was discarded. The
formula for calculating calorie efficiency was as follows:

kcal efficiency = (weight gain ÷ kcal intake) × 100%

The feed efficiency was calculated as follows:

Feed efficiency = (weight gain ÷ food intake) × 100%

After 8 weeks of treatment, fresh feces were collected and stored at −20 ◦C until the
fecal lipid content was analyzed. The mice were fasted overnight and sacrificed. Blood
samples were collected and then centrifuged at 2000× g for 15 min for serum collection.
Gonadal, retroperitoneal, and mesenteric fat were removed and weighed. The sum of the
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fat was the total body weight. The formula for calculating the body fat percentage was
as follows:

Body fat percentage = (total body fat ÷ body weight) × 100%

2.5. Serum Biochemistry Analysis

Levels of serum triacylglycerol (TG) were determined using a commercial kit (Roche,
Indianapolis, IN, USA) and measured using an Automatic Biochemical Analyzer (COBAS
MIRA PLUS, Roche, Indianapolis, IN, USA). Serum total cholesterol (T-Cho), high-density
lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) were
determined using the peroxidase-antiperoxidase method and a commercial kit (BXC0262,
BXC0442, BXC0432; Fortress Diagnostics Limited, UK). Non-esterified fatty acid (NEFA)
content in the serum was determined using an assay kit (FA115, Randox, Antrim, UK), as
per the manufacturer’s instructions.

2.6. Histology of the Gonadal Adipose Tissue

Gonadal adipose tissue was fixed with neutral 10% formaldehyde buffer and embed-
ded in paraffin. Sections (5 µm) were stained with hematoxylin and eosin. The diameter
of the adipose cells was scored and analyzed using Image-Pro (Plus 6, Media Cybernetics,
Rockville, MD, USA).

2.7. Fecal Lipid Content Determination

After TFPS treatment for 8 weeks, all the mice were housed in individual metabolism
cages containing a grid-floor and a facility for separate collection of feces for 3 days. Food
consumption was also monitored on a daily basis when mice were in metabolism cages.
The method for fecal lipid determination was as Kraus et al. [17] described before. Fecal
samples of each animal were collected and weighted. Briefly, 1000 mg feces per mice
were powderized using the tissue grinder, and then 5 mL of normal saline was added to
1000 mg of powderized feces in and vortexed. Next, 5 mL of Chloroform in methanol (2:1
by volume) was added to extract the lipids. The suspensions were centrifuged at 1000× g
for 10 min at room temperature and then the chloroform/methanol phase was removed
carefully to a weighted glass tube for evaporation under a fume hood. Then the tubes were
weighted to obtain the lipid mass per 1000 mg of feces. To obtain the mouse’s average fecal
lipid excretion per day, the lipid mass was multiplied by the total weight of feces in grams.

2.8. Statistical Analyses

The results were expressed as mean ± standard error. The statistical significance was
evaluated using one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc
test using SPSS/11.5 software. Values were considered statistically significant at p < 0.05.

3. Results
3.1. Preparation and Characterization of the TFPS

The yield of the crude water-soluble polysaccharides was 60.1% ± 1.2% on a dry basis
of T. fuciformis. TFPS was 95.2% ± 2.3% to the crude water-soluble polysaccharides. The
TFPS consisted of 98.3% carbohydrates and less than 0.5% protein. The uronic acid content
was 26.7% to TFPS on a carbohydrate basis.

The TFPS were fractioned using the DEAE-650M column to obtain the major fraction
of the contained acidic polysaccharides (98%), which were collected according to the total
carbohydrate elution profiles (Figure 1). The uronic acid content was determined from
the elution; the results revealed that the TFPS were acidic polysaccharides rich in uranic
acid (26.7% to total sugars). The 1H NMR (500 MHz) revealed the structural characteristics
of the TFPS, as shown in Figure 2. A strong signal observed at 4.79 ppm corresponded
to D2O, whereas signals at δ 5.12 and 5.49 ppm were consistent with the presence of α-
d-annopyranose. A signal at δ 4.37 ppm potentially corresponded to β-d-xylopyranose.
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The signal for β-d-glucopyranuronic acid was not detected due to an overlap with the
HOD peak [18]. Moreover, an obvious signal at δ 2.11 ppm corresponded to the CH3
moiety of the acetyl group [18]. Signals at δ 1.09~1.17 ppm potentially corresponded to
the H2 of α-d-fucose, a deoxysugar. According to the calibration curves derived from the
pullulan standards, the results of the HP-SEC analysis revealed that the average molecular
weight of the TFPS was 679 kDa and dynamic light scattering analysis showed that the
molecular weight of the TFPS was 736 kDa. The HPAEC-PAD analysis of the monosaccha-
ride composition revealed that the TFPS were composed of galactose, glucose, fructose,
xylose, fucose, mannose, and glucuronic acid at a ratio of 0.5: 3.6:5.5:10.1:16.7:36.9:26.7
(Supplementary Figure S1).
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Figure 1. Anion-exchange chromatogram of water-soluble polysaccharides from Tremella fuciformis
(TFPS) on a DEAE-650M column and eluted with 20 mM tris buffer (pH 7.8), followed by a
sodium chloride gradient (0–0.32 M); the carbohydrate, uronic acid and protein contents were
determined through a phenol–sulfuric acid method, m-hydroxydiphenyl method and Bradford
method, respectively.

3.2. Polysaccharide Viscosity and Effect on Cholesterol Micellization

The relationship between the TFPS concentration and viscosity in an aqueous solution
is presented in Figure 3A. The viscosity of the TFPS solution increased as the concentration
increased; additionally, the viscosity decreased in equivalent concentration of TFPS solution
when the temperature increased. The viscosity of a 1.0% solution was approximately 88.3,
78.5, and 54.3 mPa.S at 25, 50, and 75 ◦C, respectively. The TFPS aqueous solution at
a concentration of 1.8% became gelatinous without fluidity at 25 ◦C. In addition, the
cholesterol micellization was inhibited while TFPS was added to cholesterol micelles
solution in a dose-dependent manner (Figure 3B). When TFPS concentration increased, the
date of viscosity concurred with the inhibition of cholesterol micellar.
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3.3. Body Weight, Food Intake, and Tissue Weight

No differences were observed in the body weight of the mice among the groups at
the start of the experiment. As shown in Figure 4, the body weight of the mice in the HFD
groups was significantly higher than that of the mice in the ND group at day 7. Moreover,
the body weight of the mice in the HFD-TL and HFD-TH groups was significantly lower
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than that of the mice in the control group from day 21 to the end of the experiment.
No significant difference in body weight was observed between the HFD-TL and HFD-
TH groups. Table 1 presents the food and calorie intake among the groups during the
experiment. As shown, no significant differences were observed among the groups, even
between the HFD and ND groups. Table 2 presents the weight gain and feed efficiency
of the HFD and ND groups. The weight gain of the mice in the control group increased
significantly compared with the mice in the ND group. The TFPS treatment significantly
reduced the weight gain of the mice compared with the mice in the control group, which
were also fed the HFD. No notable difference in total food intake was observed; however,
the feed efficiency in the control group was 5.2-fold higher than that in the ND group.
Moreover, the feed efficiency in the HFD-TL and HFD-TH groups was 0.71- and 0.65-fold
higher than that in the control group, respectively.
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Figure 4. Body weight of mice in different groups. # p < 0.05, ## p < 0.01, and ### p < 0.001 while high-
fat diet (HFD)-H2O group compared with the normal diet-H2O group. ** p < 0.01 and *** p < 0.001,
while HFD-TFPS group compared with the HFD-H2O group. HFD-TL and HFD-TH groups received
oral administration of 1 and 2 g/kg TFPS, respectively.

At week 8, the weights of absolute adipose tissue were markedly greater in the HFD
groups than in the ND group. Figure 5 shows that the weights of the gonadal, perirenal,
and adipose tissues decreased significantly in both the TFPS-treated groups compared with
the HFD-H2O group. The TFPS treatment exhibited effects in reducing the fat weight and
body weight percentages (Figure 5).

Table 1. Food and calorie intake profiles at Week 8.

Weeks Food Intake (g/day)

Normal Diet High-Fat-Diet High-Fat-Diet High-Fat-Diet

H2O H2O TFPS 1 g/kg TFPS 2 g/kg

Week 1 4.1 ± 0.5 2.2 ± 0.1 2.4 ± 0.1 2.4 ± 0.2
Week 2 4.1 ± 0.2 2.3 ± 0.1 2.3 ± 0.1 2.2 ± 0.0
Week 3 4.5 ± 0.6 2.3 ± 0.1 2.2 ± 0.1 2.2 ± 0.1
Week 4 4.1 ± 0.4 2.3 ± 0.2 2.2 ± 0.1 2.2 ± 0.3
Week 5 4.1 ± 0.2 2.5 ± 0.1 2.3 ± 0.1 2.4 ± 0.3
Week 6 4.8 ± 0.8 2.5 ± 0.1 2.4 ± 0.2 2.3 ± 0.2
Week 7 3.2 ± 0.2 2.5 ± 0.2 2.4 ± 0.1 2.3 ± 0.1
Week 8 4.5 ± 0.2 2.5 ± 0.0 2.4 ± 0.1 2.3 ± 0.2
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Table 1. Cont.

Weeks Food Intake (g/day)

Normal Diet High-Fat-Diet High-Fat-Diet High-Fat-Diet

H2O H2O TFPS 1 g/kg TFPS 2 g/kg

Kcal intake (kcal/day)

Week 1 11.8 ± 0.8 11.7 ± 0.2 12.4 ± 0.3 12.4 ± 0.6
Week 2 11.8 ± 0.3 12.0 ± 0.3 12.2 ± 0.4 11.8 ± 0.1
Week 3 12.9 ± 1.0 12.0 ± 0.3 11.6 ± 0.2 11.4 ± 0.3
Week 4 11.7 ± 0.6 12.3 ± 0.6 11.7 ± 0.4 11.6 ± 0.8
Week 5 11.8 ± 0.3 12.9 ± 0.3 12.3 ± 0.3 12.7 ± 1.0
Week 6 13.7 ± 1.3 13.2 ± 0.2 12.5 ± 0.5 12.0 ± 0.7
Week 7 12.2 ± 0.2 13.0 ± 0.6 12.7 ± 0.3 12.0 ± 0.2
Week 8 13.1 ± 0.3 13.1 ± 0.1 12.8 ± 0.4 12.1 ± 0.5

All data are presented as mean ± standard error (n = 12).

Table 2. Effects of the TFPS on weight gain and feed efficiency in mice.

Treatments Dose
(g/kg)

Weight Gain
(g)

Feed Efficiency
(%)

Normal diet H2O – 4.9 ± 0.4 2.1 ± 0.3
High-fat diet H2O – 14.6 ± 0.6 ### 11.0 ± 0.7 ###

TFPS 1.0 10.3 ± 0.4 ** 7.8 ± 0.2 ***
TFPS 2.0 9.2 ± 0.5 *** 7.1 ± 0.2 ***

All data are presented as mean ± standard error (n = 12). ### p < 0.001 high-fat diet (HFD)-H2O group compared
with the normal diet-H2O group. ** p < 0.01 and *** p < 0.001, while HFD-TFPS groups compared with the
HFD-H2O group.
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Figure 5. Effects of the TFPS treatment on the weights of the (A) gonadal adipose tissue, (B) perirenal
adipose tissue, and (C) mesenteric adipose tissue as well as (D) body fat percentage. Mice were fed
an HFD or ND, and the HFD mice were treated with water (p.o.) or TFPS (p.o.) for 8 weeks. All values
are means± standard error (n = 12). ### p < 0.001 while HFD-H2O group compared with the ND-H2O
group; ** p < 0.01 and *** p < 0.001 while HFD-TFPS groups compared with the HFD-H2O group.
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3.4. Serum Lipid and Glucose Levels and Fecal Lipid Levels

No significant differences were found in the blood glucose levels among the groups at
the end of the experiment. However, the blood sugar levels exhibited an increasing trend in
the HFD groups compared with the ND group. Table 3 presents the serum lipid levels of the
mice. The TG, T-Cho, LDL-C, and NEFA levels were significantly higher in the HFD-vehicle
group compared with the ND group. The results revealed that the TFPS treatment reduced
the T-Cho levels. Although the TFPS treatment did not significantly change the serum lipid
levels, the HDL-C/LDL-C ratio was similar to that in the ND group. The HDL-C/LDL-C
ratio was 1.75 and 1.26 in the ND and HFD-H2O groups, respectively. The results revealed
that the HFD reduced the ratio in these groups. Moreover, the HDL-C/LDL-C ratio in the
HFD-TL and HFD-TH groups was 1.44 and 1.47, respectively, significantly higher than that
in the HFD-vehicle group. The results showed that fecal lipid in ND group was 8.9 ± 0.5
mg/day/mice and in HFD-H2O group was 11.2 ± 0.4 mg/day/mice. Fecal lipid content
was 10.8 ± 0.6 and 9.1 ± 0.4 in the HFD-TL and HFD-TH group, respectively. A high dose
of TFPS administration could significantly decrease the fecal lipid content compared to
HFD-H2O group.

Table 3. Serum lipid and glucose levels of mice in different groups.

Parameters ND + H2O HFD + H2O HFD + TL HFD + TH

TG (mg/dL) 92.4 ± 3.0 112.9 ± 4.2 ### 120.8 ± 5.0 122.1 ± 4.4
T-Cho (mg/dL) 61.1 ± 0.9 75.2 ± 2.0 ### 66.5 ± 3.0 * 64.8 ± 1.6 ***
LDL-C (mg/dL) 19.1 ± 1.6 30.9 ± 2.1 ### 26.6 ± 3.8 25.9 ± 3.4
HDL-C (mg/dL) 33.5 ± 3.5 38.9 ± 4.5 38.2 ± 5.8 38.2 ± 2.9
NEFA (mmol/L) 0.92 ± 0.23 1.40 ± 0.21 # 1.25 ± 0.20 1.22 ± 0.13

Glc (mg/dL) 143.9 ± 10.2 159.1 ± 15.5 154.5 ± 19.7 160.0 ± 18.1
### p < 0.001 HFD-H2O group compared with the ND-H2O group. * p < 0.05 and *** p < 0.001 HFD-TFPS groups
compared with the HFD-H2O group. TFPS 1 g/kg and 2 g/kg was orally administered in the HFD-TL and
HFD-TH groups, respectively.

3.5. Histology of Gonadal Adipose Tissue

As shown in Figure 6, the HFD induced adipocyte hypertrophy in the gonadal adi-
pose tissue compared with the ND-H2O group. The TFPS-treated groups exhibited less
hypertrophy than the HFD-H2O group. The results from the other mice were similar to
those presented in Figure 6.
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the nine mice (10 × 40).

4. Discussion

The species of T. fuciformis used in this study is called T8, which was selected from
numerous species of T. fuciformis that have been collected in the mountains of Taiwan
for several years. T8 has a larger fruiting body than other species and has natural fra-
grance smells like jasmine and lily floral. As one of the foremost medicinal and culinary
mushrooms of China and Taiwan, T. fuciformis has the most unusual method of cultivation
compared to other mushrooms, whereby it utilizes the nutrients from a common wood-
decomposing ascomycete fungus, Hypoxylon archeri. The cultivation substrate used for T8
in this study was sawdust with rice bran as a supplementary nutrient, whereas cotton-seed
hull is another common cultivation substrate used.

The structural characterizations of the TFPS showed that mannose followed by fucose
were the major monosaccharide constituents. Moreover, the TFPS were rich in glucuronic
acid. The average molecular weight was 679 kDa. Another study [19] that investigated
the polysaccharides in different phases of T. fuciformis reported that the polysaccharides
from the mycelial phase had 13.3% (w/w) uronic acid. Yui et al. [8] reported that the
heteropolysaccharide isolated from T. fuciformis has a linear backbone of 1,3-linked mannose
with a highly beta-D-glucuronic acidic residue. The result of glyosidic linkage showed that
the backbone of TFPS was mannan to glucuronic acid and fucose side chains are attached,
and responded to the linkage types that Yui et al., reported [8]. In the current study, the
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monosaccharide composition was comparable to other reports [8,19]. The portion of fucose
was relatively high in the TFPS and was similar to the portion of mannose. However, other
studies [8,9,20] have reported that xylose was the second highest monosaccharide detected
in the polysaccharides from T. fuciformis. The possible reasons for the difference in the
monosaccharide composition among TFPS and other polysaccharides isolated T. fuciformis
may be related to species, cultivation methods, or cultivation substrates. High fucose
content seems to be one of the structural characteristics of TFPS derived from T8.

The average molecular weight (Mr.) of the TFPS was 679 kDa, which is similar to those
of T. fuciformis polysaccharides presented in other studies. The Mrs of the aqueous extracts
of T. fuciformis polysaccharides reported by Zhang et al. [21] and Liu et al. [18] were 599
and 582 kDa, respectively.

High molecular weight polymers greatly increase the viscosity of liquids in which they
are dissolved. The intrinsic viscosity of a polymer relates to Mr, as per the Mark–Houwink
rule, and MW distribution also affects the viscosity [22]. It is generally agreed that there
is a positive relationship between intrinsic viscosity and degree of polymerization [23].
An increase in viscosity depends on the nature of both a polymer and solvent. The high
portion of glucuronic acids in the TFPS caused a high charge density and water molecules
to bond strongly, relative to the strength of the water–water interaction [24]. The results
showed that the TFPS had a high molecular weight and high uronic acid/carbohydrate
ratio, which might have caused their high viscosity. Moreover, the high viscosity of the
TFPS in D2O potentially affected the 1H NMR signals from 3.4 to 4.5 ppm to be low in
resolution (Figure 2). However, the HNMR spectra of the TFPS in this study were similar
to those reported by Liu et al. [18].

The most recommended method for maintaining a healthy weight is to exercise and
consume a healthy diet. Alternative weight loss treatments include medicines, surgery,
and dieting. However, these treatments have side effects. Another alternative treatment
for obesity is ingesting large amounts of dietary fiber. Numerous studies [25–27] have
reported that an increase in dietary fiber can control body weight. Alginate, a matrix
polysaccharide of brown algae, is a potential treatment for obesity [25,28]. Moreover,
alginate has been added to beverages and cereal bars to increase satiety, reduce calorie
intake, reduce fat digestion, and increase weight loss [25,29]. Oats, a cereal rich in β-glucans,
have also exhibited obesity prevention and health benefits in metabolic syndrome [30,31].
Moreover, studies have shown that diets rich in fiber improve glycemic control in type
2 diabetes [32], reduce LDL-C in hypercholesterolemia [33,34], and contribute positively
to long-term weight management [6,27]. The mechanism is believed to be due to the
viscosity generated by β-glucans or other water-soluble dietary fibers, which influence
gastrointestinal mechanisms that mediate satiety [27,35]. One of the possible mechanisms
indicated that soluble polysaccharides could interfere with the absorption of cholesterol
in the intestines [27]. Moreover, Pau-Roblot et al. [36] examined the relationship between
polysaccharides uronic acid sequences and lipid molecules and found that uronic acids, like
galacturonic and glucuronic acids in polysaccharides, have the ability to entrap cholesterol.
This might explain why the TFPS in the present study, which were rich in uronic acid,
affected the body lipid accumulation in the HFD mice.

As reported [29,30,37], the polysaccharides derived from oats, plantago, and brown
algae have the ability to reduce lipid uptake and hyperlipidemia in vivo. However, these
polysaccharides do not have a similar backbone, and all of them have high viscosity. A
study [6] reported that viscous fibers could be an adjunct to regular dietary treatment
for obesity. Gel-forming fibers are particularly effective in reducing high LDL-cholesterol
without changing the HDL-fraction [6]. Two structural characterizations of the TFPS,
high uronic acid content and high viscosity, likely interfered with lipid absorption in the
intestines of the mice on the HFD. In this study, TFPS exhibited the inhibition of cholesterol
micelles in vitro and reduced the serum cholesterol level that was induced by the HFD
in vivo. Both free or esterified cholesterol from diet should be emulsified by bile salts
before absorption [38]. Various reports showed that polysaccharides with high viscosity
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and gel-forming property could influence the cholesterol absorption process. The possible
mechanism may be that viscosity affects the diffusion of dietary mixed aggregates at the
intestinal lumen, limiting cholesterol bio-accessibility. In addition, the interactions between
polysaccharides and bile salts may reduce their emulsifying power towards cholesterol [39].
Heaton [40] has proposed that dietary fiber is a physiologic obstacle to energy intake
by followed 3 mechanisms: (1) fiber replaces available calories and nutrients from the
diet; (2) fiber increased satiety; and (3) fiber decreases the absorption efficiency of the
small intestine. The third point is consistent with the assumption of this study that TFPS
exhibits anti-obesity activity through interfering with lipid absorption in the intestine and
results in increasing fecal lipid content. Moreover, the TFPS treatment increased the serum
HDL-C/LDL-C ratio, which was similar to that in the normal group.

The results showed that the TFPS treatment reduced the weight gain in the HFD
mice. Food and calorie intake in the two TFPS groups and HFD-vehicle group showed
no significant difference. Moreover, the feed efficiencies of the two TFPS groups were
significantly lower than that in the HFD-vehicle group. These results also revealed that the
TFPS treatment did not affect appetite but influenced the lipid absorption in the HFD mice.

As mentioned, the daily calorie intake of the HFD-H2O group was not different
from that of the ND group. Nevertheless, the body fat percentage, weight gain, and
feed efficiency between those groups varied. The results confirmed that the different
diets influenced the body fat accumulation of the mice. The TFPS treatment inhibited the
HFD-induced weight gain, body fat accumulation, and serum lipid in vivo.

5. Conclusions

T. fuciformis contains a high amount of polysaccharides, which are rich in uronic acids
and exhibit high viscosity when dissolved in water. The polysaccharides isolated from T8
have the potential to treat HFD-induced obesity. Administration of the TFPS treatment
reduced body weight gain, body fat percentage, and serum total cholesterol in the HFD
mice. The TFPS treatment also reduced hypertrophy in adipose tissue. Thus, the results
suggest that the health benefits of TFPS in HFD-induced obesity may be associated with its
influence on gut lipid absorption.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14081514/s1, Figure S1. Monosaccharide composition
analysis by HPAEC-PAD. TFPS was hydrolysis by 2M TFA.
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Abstract: Biodegradable and potentially biobased polyesteramide oligomers (PEA-Pro), obtained
from melt condensation of sebacic acid and 3-amino-1-propanol, were characterized by nuclear
magnetic resonance (NMR), matrix assisted laser desorption/ionization-time of flight/time of flight-
mass spectrometry/mass spectrometry (MALDI-TOF/TOF-MS/MS), thermogravimetric analysis
(TGA), and pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). NMR analysis showed
the presence of hydroxyl and amino terminal groups as well as carboxylic groups of the sebacate
moiety. Hydroxyl and carboxyl termination had the same abundance, while the amine termination
was 2.7-times less frequent. Information regarding the fragmentation pathways and ester/amide bond
sequences was obtained by MALDI-TOF/TOF-MS/MS analysis performed on sodiated adducts of
cyclic species and linear oligomers. Different end groups did not influence the observed fragmentation.
Three fragmentation pathways were recognized. The β-hydrogen-transfer rearrangement, which
leads to the selective scission of the –O–CH2– bonds, was the main mechanism. Abundant product
ions originating from –CH2–CH2– (β–γ) bond cleavage in the sebacate moiety and less abundant ions
formed by –O–CO– cleavages were also detected. TGA showed a major weight loss (74%) at 381 ◦C
and a second degradation step (22% weight loss) at 447 ◦C. Py-GC/MS performed in the temperature
range of 350–400 ◦C displayed partial similarity between the degradation products and the main
fragments detected in the MALDI-TOF/TOF-MS/MS experiments. Degradation products derived
from amide bonds were related to the formation of CN groups, in agreement with the literature.

Keywords: polyesteramides; biodegradable polymers; biobased polymers; mass spectrometry;
MALDI; tandem mass spectrometry; sequencing; characterization; Py-GC/MS

1. Introduction

Aliphatic polyesteramides represent a class of biodegradable and potentially biobased
polymers. They combine the mechanical and thermal properties of polyamides with
the high biodegradability of polyesters, leading to materials with better properties and
processability compared to polyesters with similar structures [1].

The detailed characterization of synthetic polymers plays an important role in defining
the chemical structure and its influence on material properties, as well as its utilization.
During the last few years, matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) has become a routine analytical technique for the analysis
of synthetic polymers, providing more and more detailed structural information with high
sensitivity, thanks to improved technologies and analytical strategies [2,3]. It has been
successfully used in both characterization and degradation studies, with some limitations
in the accuracy of the measured molecular weight related to the polydisperse nature of

179



Polymers 2022, 14, 1500

polymers, especially when dealing with high mass range [4]. Despite MALDI being a
soft ionization technique, it is possible to obtain fragment ion spectra through the so-
called post-source decay (PSD) [5]. MALDI-PSD has been successfully applied for peptide
sequencing and biopolymers analysis, but to a lesser extent for synthetic polymers, due
to their greater complexity. The development of the MALDI-TOF/TOF (Matrix-assisted
laser desorption ionization time-of-flight/time-of-flight) mass spectrometer, with the aim
of simplifying and improving the experimental procedures and acquiring more reliable
information, bypassed many limits of the PSD and collision-induced dissociation (CID) in
a conventional MALDI instrument. In a MALDI-TOF/TOF mass spectrometer operating
in tandem mass spectrometry mode (MALDI-TOF/TOF-MS/MS), the high-speed ions
separated in the first TOF analyser are selected by a timed ion gate, collided with atoms
or molecules, and accelerated for analysis in the second TOF mass analyser fitted with a
two-stage reflector [6].

MS/MS is increasingly applied to analyse synthetic polymers since it can provide
information on chain-end or in-chain substituents, discriminate isobaric and isomeric
species, differentiate linear and cyclic polymers, and establish macromolecular connectivity,
sequences and architectures [7,8]. In fact, in several cases, single-stage mass data may not
be sufficient to unequivocally establishing the polymer structure. For confident structural
assignments, fragmentation studies provide initial information to help understand tandem
mass spectra. In fact, knowledge of the fragmentation mechanisms of polymer ions provides
guidelines on how to obtain the desired information from the product ions detected in
MS/MS spectra and to deduce the real macromolecular architecture [9]. Amongst the
MS/MS tools, the collision-induced dissociation (CID) approach represents the preferred
technique for the deep structural characterization of gas-phase ions.

MALDI-TOF/TOF-MS/MS has been successfully applied to the analysis of biodegrad-
able, as well as polyesters and polyesteramides [10,11]. It provided structural information
regarding the sequence of ester and amide bonds in synthetic polyesteramides [12,13] and
the fragmentation pathways in biodegradable polyesters [14,15].

In this work, Nuclear magnetic resonance (NMR) analysis showed the nature of the
terminal groups and allowed their quantification. MALDI-TOF MS revealed the pres-
ence of cyclic species and linear oligomers with the main end groups and additional ones
which eluded NMR analysis. MALDI-TOF/TOF-MS/MS was employed to investigate
the ester/amide bond sequences and the fragmentation mechanisms of a polyesteramide
(PEA-Pro) from the melt condensation of 3-amino-1-propanol and sebacic acid that can
be produced from a renewable source (castor oil). The MALDI-TOF/TOF-MS/MS anal-
ysis was performed on cyclic species and linear oligomers with different end groups,
selecting as precursor ions the sodium adducts of the oligomers identified in the MALDI-
TOF/TOF spectra.

Furthermore, pyrolysis-gas chromatography/MS (Py-GC/MS) was applied to confirm
the results acquired by MALDI-TOF/TOF. Pyrolysis technique hyphenated to GC/MS
is the method most frequently used for polymer characterization and for studying their
thermal degradation processes [16]. Py-GC/MS provides valuable information about the
molecular structure, and it is a particularly useful method for the analysis of complex
blends of traditional and biodegradable macromolecules [17,18]. Moreover, we used
thermogravimetric analysis (TGA) to check the degradation steps and establish the best
experimental conditions in Py-GC/MS analyses.

2. Materials and Methods
2.1. Materials

Low molecular weight polyesteramide (PEA-Pro) was synthesized by melt polymer-
ization starting from sebacic acid and 3-amino-1-propanol, using stoichiometric amounts
of reagents as described in [19]. 2-(4-Hydroxyphenylazo)benzoic acid (HABA), reagents,
and solvents were obtained from Sigma-Aldrich Chemical Co. (Milan, Italy) and used
as received.
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2.2. Nuclear Magnetic Resonance (NMR)

NMR analysis was conducted with a UNITYINOVA Agilent spectrometer (Santa Clara,
CA, USA) operating at 500 MHz (1H), using standard Agilent pulse sequences. Spectra were
elaborated with the MestreNova software (Mestrelab Research, Santiago de Compostela,
Spain). The sample was dissolved in deuterated dimethylsulfoxide (6d-DMSO) and spectra
acquired at 50 ◦C and calibrated with the solvent residual 1H signal set at 2500 ppm.

2.3. MALDI Sample Preparation

The polyesteramide sample was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
at a concentration of di 3 mg/mL. HABA (0.1 M in HFIP) was used as the matrix. Ap-
propriate volumes of polymer solution and matrix solution were mixed to obtain 1:1, 1:2,
1:3 ratios (sample/matrix, v/v). An aliquot of 1 µL of each sample/matrix mixture was
spotted onto the MALDI sample holder and slowly dried to allow matrix crystallization.

2.4. MALDI-TOF/MS Analysis

An Applied Biosystems 4800 MALDI TOF/TOFTM Analyser (Framingham, MA, USA)
mass spectrometer was employed in this study to acquire MALDI and MS/MS spectra with
and without using a collision gas (air or argon). This TOF/TOF instrument is equipped
with a Nd:YAG laser with 355 nm wavelength, pulse of <500 ps, and 200 Hz repetition
rate in both MS and MS/MS modes. The precursor ion selector of the analyser has a
mass resolution of about 400. All measurements were performed in automatic mode. For
MS/MS experiments, the potential difference between the source acceleration voltage and
the collision cell was set at 2 kV. MALDI-MS e MALDI-TOF/TOF-MS/MS spectra were
recorded in reflector positive ion mode. MS and MS/MS data were processed using Data
Explorer 4.4 (Applied Biosystems, Framingham, MA, USA). Mass resolution (FWMH) was
about 13,000 in MS mode and ranged from 1500 (m/z < 500) to 5000 (500 < m/z < 1300) in
MS/MS mode.

2.5. Thermogravimetric Analysis (TGA)

TGA was performed with a TGA Q500 (TA Instruments, New Castle, DE, USA), using
a platinum pan. Dynamic measurement was performed from 50 to 800 ◦C at 10 ◦C/min, un-
der a nitrogen atmosphere (flow rate 60 mL/min). Sample weight was approximately 5 mg.
The weight loss percent and its derivate (DTG) was recorded as a function of temperature.

2.6. Pyrolysis-Gas Chromatography/Mass Spectrometry Analysis (Py-GC/MS)

Py-GC/MS was performed on a small amount of sample (about 0.1 mg). It was placed,
without pre-treatment, in the crucible immediately prior to analysis. Py-GC/MS was
performed using a Multi-Shot Pyrolizer (EGA/PY-303D, Frontier Labs Ltd., Fukushima,
Japan), connected to a GC system GC-2020 (Shimadzu Italia S.r.l., Milan, Italy), coupled
with to a triple quadrupole mass spectrometer detector and with electronic ionization
(70 eV) Mass Detector TQ8040 (Shimadzu Italia S.r.l., Milan, Italy).

The gas chromatography was equipped with Ultra Alloy® Metal Capillary Column
(Frontier Labs, stationary phase 5% di-phenyl-methylpolysiloxane, with an inner diameter
of 250 µm, a film thickness of 0.25 µm and a length of 30 m). Interfaces of Py-GC and
GC/MS were kept at 300 ◦C and 250 ◦C, respectively. Several experiments were performed
setting different combination steps of pyrolysis between 350 and 450 ◦C. Oven temperature
was held at 50 ◦C for 1 min, increased to 100 ◦C at 30 ◦C/min, then held at 100 ◦C for 5 min,
ramped from 100 ◦C to 300 ◦C at 10 ◦C/min and finally it was maintained at 300 ◦C for
10 min. The carrier gas was helium at a controlled flow of 1.78 mL/min. The split ratio
was 1/50 of the total flux. Mass range was set from m/z 35 up to 500. Blanks were carried
by placing the crucible empty in the furnace and performing pyrolysis in the conditions
mentioned above. Structure assignment was carried out running the similarity search
routine of the instrument.
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3. Results
3.1. NMR Analysis

PEA-Pro was investigated by NMR in order to confirm its structure and the nature
and abundance of terminal groups.

The 1H-NMR spectrum of PEA-Pro in 6d-DMSO, together with its chemical assign-
ments, is shown in Figure 1. A gradient-enhanced COSY spectrum (see Supplementary
Material Figures S1 and S2) helped with signal interpretation. The 3-amino-1-propanol
resonances in the polymer chain were found at 7.665, 4.000, 3.089, and 1.692 ppm for
protons (n), (a), (b), and (c), and were accompanied by lower signals at 7.595, 3.401, 3.079,
and 1.536 ppm assigned to the same protons when the amino-alcohol was in terminal
position (signals n’, a’, b’, and c’). The sebacate unit gave resonances at 2.258 ppm due
to the methylene next to the ester group (protons 1 in Figure 1), at 2.033 ppm due to the
methylene next to the amide group (protons 8 in Figure 1), at 1.512 and 1.476 ppm due
to methylene 2 and 7. The large singlet at 1.243 ppm was assigned to the four central
methylene groups, from 3 to 6, and the small triplet at 2.170 ppm to the methylene next
to the carboxylic group of a terminal sebacate unit (signal 1′ in Figure 1). Finally, a visible
hump of the baseline was present at about 3.4 ppm, which can be assigned to hydroxyl
groups of terminal 3-amino-1-propanol.
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Figure 1. 1H-NMR spectrum of PEA-Pro in 6d-DMSO at 50 ◦C. Signal 1′ is assigned to the sebacate
methylene protons next to a terminal carboxylic group.

These results showed that the PEA-Pro structure is consistent with its chemical synthe-
sis and that it has carboxylic and 3-amino-1-propanol termination. The latter may present
a free hydroxyl or amine group and, from a quantitative point of view, hydroxyl and
carboxyl termination have the same abundance, while the amine termination is 2.7-times
less frequent.
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3.2. MALDI-TOF/TOF Analysis

The MALDI-TOF/TOF mass spectrum of PEA-Pro, recorded in reflector mode, is
shown in Figure 2. The spectrum, which extends up to m/z 5000, consists of a distribution
of ions corresponding to singularly-charged sodiated and potassiated adducts. The most
abundant ion series is due to linear PEA-Pro chains terminated with carboxyl and amino-
alcohol end groups (species C), followed by linear chains terminated by amino-alcohol
(species D) or sebacic acid (species A) at both ends. The repeat unit of PEA-Pro is shown in
the same picture and its mass (241.17 Da) matches the difference between the m/z values
of species belonging to consecutive clusters. The repeat unit reported in Figure 2 is not
necessarily representative of the real bond sequences in the polyesteramide chains. It
was arbitrarily chosen to report the ester/amide bond sequence as alternating; during the
synthesis, however, ester/amide, ester/ester and amide/amide units can be produced in a
random sequence, as already mentioned for other polyesteramides [12,13].
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Figure 2. MALDI/TOF-TOF mass spectrum in reflector mode of the PEA-Pro sample.

An enlarged portion of this mass spectrum, in the m/z range 1180–1440, is reported
in Figure 3, together with a table showing the structures of the identified species. Despite
dimethyl sebacate and 3-amino-1-propanol being employed as starting monomers, car-
boxylic end groups were identified; their presence is explained through the hydrolysis
of terminal or inner ester groups. The chains terminated with amino-alcohol groups can
bear a hydroxyl (–NH(CH2)3OH) or an amine (–O(CH2)3NH2) end group that cannot be
discriminated by mass spectrometry. Sodiated species at m/z 1228.8 are due to linear chains
bearing a carboxyl end group and an olefin end group (CH2=CHCH2NH–). These chain
ends are formed by thermal degradation processes taking place during the synthesis of the
polymer sample [16].
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Figure 3. Enlarged portion of the MALDI/TOF-TOF mass spectrum in reflector mode of the
PEA-Pro sample.

Fifteen MALDI ions in Figure 3 can be assigned unambiguously due to eight oligomers.

1. Sodiated and potassiated linear di-carboxyl terminated chains (species A Na+, m/z
1189.77–1430.95; species A K+, m/z 1205.76–1446.94) and the corresponding sodium
salt (A’ Na+, m/z 1211.76–1452.93) and disodium salt of the same species (A” Na+,
m/z 1233.71–1474.94);

2. Sodiated and potassiated cyclic PEA-Pro chains (species B Na+, m/z 1228.83; B K+,
m/z 1244.82).

3. Sodiated and potassiated linear oligomers terminated with carboxyl at one end and
amino-alcohol groups at the other end (species C Na+, m/z 1246.84; species C K+, m/z
1262.81), and the corresponding sodium salt of the same species (C’ Na+, m/z 1268.82);

4. Sodiated and potassiated linear di-amino-alcohol terminated oligomers (species D
Na+ m/z 1303.90, species D K+, m/z 1319.87);

5. Sodiated linear oligomers terminated with dimethyl ester of sebacic acid at both the
ends (species E Na+ m/z 1217.82);

6. Sodiated linear oligomers terminated with amino-alcohol at one end and –NH2 group
at the other end (species F Na+ m/z 1245.88);

7. Sodiated linear oligomers terminated with sebacic acid at one end and –NH2 group at
the other end (species G Na+ m/z 1429.98);

8. Sodiated linear oligomers terminated with amino alcohol at one end and olefin derived
by amino alcohol at the other end (species X Na+ m/z 1285.88).

The structures of these eight oligomers, identified in the inset of Figure 3 are predictable
according to the method of synthesis and thermal degradation mechanisms (species G and
F) [20]. Moreover, ions at m/z 1360.96 are reasonably due to end groups bearing ether
bonds, i.e., H[U]4NH(CH2)3O(CH2)3NH2. Likewise, ions at m/z 1342.94 can be assigned to
cyclic species with two ether bonds in the macromolecular chain. Noticeably, oligomers
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of unknown structure are also observed (m/z 1263.90, 1274.87, 1300.89, 1320.96, 1331.93,
1357.94, 1372.95, 1387.97) and their presence could be related to additional side reactions
taking place in the polymerization process.

3.3. MALDI-TOF/TOF-MS/MS Analysis

Four sodiated oligomers were selected as precursor ions to perform MALDI-TOF/TOF-
MS/MS analysis: three linear oligomers terminated, respectively, by two carboxylic groups
(m/z 1189.8, species A, Figure 3), a carboxyl and an amino-alcohol group (m/z 1246.8,
species C, Figure 3), and two amino-alcohol groups (m/z 1303.9, species D, Figure 3) and,
finally, a cycle (m/z 1228.8, species B, Figure 3).

All the MALDI-TOF/TOF-MS/MS spectra acquired show a similar (most abundant)
series of product ions. Then, the fragmentation pathway is not affected by different
end groups.

As in previous works [21], the β-hydrogen transfer rearrangement appears to be
the main fragmentation mechanism (Scheme 1). It is a typical mechanism of thermal
degradation in polyesters [16] and involves the transfer of a hydrogen in β position to the
carboxyl group of the diacid via a six-membered cyclic transition state. As a consequence,
two ions are obtained, one bearing a carboxylic acid end group and the other terminated
with an olefin end group (CH2=CHCH2NHCO–). The sodium affinity of the species formed
in the dissociation reaction can result in a different abundance of the product ions in the
MALDI-TOF/TOF-MS/MS spectrum.
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Scheme 1. β-hydrogen transfer mechanism.

Figure 4 displays the MALDI-TOF/TOF-MS/MS spectrum of the sodiated di-carboxyl-
terminated oligomers at m/z 1189.8 of the PEA-Pro sample together with the m/z values
of the two main fragmentation pathways. The main product ions at m/z 225.10, 466.27,
707.44 and 948.59 and their complementary ions at m/z 264.16, 505.33 746.49 and 987.66
are due to β-hydrogen-transfer rearrangement, Figure 4a, typical for polyesters in thermal
degradation. The less abundant product ions at m/z 336.20, 577.38, and 818.56 and their
complementary 633.45, 392.23 and 151.10 arise from –CH2–CH2– (β–γ) bond cleavage in
the sebacate moiety, Figure 4b. This scission is supported by the formation of product ions
bearing a α,β-unsaturated ester or amide end group (CH2=CHCOO– or CH2=CHCONH–).
Furthermore, unsaturated and saturated fragments should both be formed, but the sat-
urated fragments are significantly less abundant. In Figure 4 only the m/z values of the
unsaturated fragments are reported; the m/z values of the complementary saturated ions
can be easily obtained. The mass spectrum in Figure 4 also displays clusters of ions at
an interval of 14 (CH2) m/z units (e.g., m/z 336.17, 350.14, 364.41, 378.37, 392.41) that
are typical of hydrocarbons and long-chain acids. All assigned structures are shown in
Table S1.
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Figure 4. m/z values of the sodiated product ions originating from: (a) the β-hydrogen trans-
fer and (b) the −CH2−CH2− (β–γ) bond cleavages in the sebacate moiety for the sodiated pre-
cursor ions at m/z 1189.8. (c) MALDI-TOF/TOF-MS/MS spectrum of the sodiated dicarboxyl-
terminated oligomers at m/z 1189.8 of the PEA-Pro sample (U = −NH(CH2)3OCO(CH2)8CO− or
−O(CH2)3NHCO(CH2)8CO−; collision gas = argon).

Similar results were obtained from the MALDI-TOF/TOF-MS/MS analysis of the other
precursor ions analysed. The mass spectrum of the sodiated carboxyl and amino-alcohol
terminated oligomers at m/z 1246.8 of the PEA-Pro sample is reported in Figure 5.

As seen before, the most intense signals are due to ions originated by the cleavage of
–O–CH2– bonds, because of a β-hydrogen-transfer rearrangement. However, this time, the
end groups of the chain are different, leading to two different series’ of signals, Figure 5a,
depending on the orientation of the 3-amino-1-propanol moiety (ions at m/z 225.10, 466.27,
707.44, 948.60, 1189.78 and their complementary at m/z 1044.75, 803.54, 562.38, 321.21, 80.03
and ions at m/z 264.16, 505.33, 746.49, 987.66, 1228.83 and their complementary at m/z
1005.68, 764.49, 523.33, 282.17). In the same way, the –CH2–CH2– bond cleavage in the
sebacate moiety gives rise to two different series’ of ions, Figure 5b. α,β–unsaturated amide
or ester, not discernible by MS, are originated as a function of the different orientation
of the amino-alcohol (respectively, ions at m/z 95.0, 336.2, 577.3, 818.5, 1059.7 and their
complementary at m/z 202.1, 449.3, 690.5, 931.6, 1172.8 and ions at m/z 151.1, 392.2,
633.4, 874.6, 1115.7 and their complementary at m/z 152.1, 393.2, 634.4, 875.6, 1116.7).
Additionally, in this case, groups of ions differing by 14 m/z units are present (e.g., m/z
350.22, 364.24, 378.26 and 392.27), resulting from fragmentation of different –CH2–CH2–
bonds in hydrocarbon chain of the sebacic moiety. Ions at m/z 280.17, 521.36, and 762.51,
Figure 5c, can be assigned to product ions whose end groups can be formed by –O−CO−
bond cleavages that lead to the formation of two ions: one bearing an aldehyde end
group and the other with a HOCH=CH(CH2)2NHCO−/HCO(CH2)3NHCO− end group.
Product ions bearing end groups originating from −CH2−CH2− (β−γ) bond cleavage, in
the amino alcohol moiety, are also detected (e.g., m/z 251.12, 492.29 and 733.54). Several
isobaric structures that differ by the position of a -CH2- group can be due to some of these
ions. All the structures assigned are reported in Table S1.
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Figure 5. m/z values of the sodiated product ions originating from: (a) the β-hydrogen transfer and
(b) the −CH2−CH2− (β−γ) bond cleavages in the sebacate moiety for the sodiated precursor ions
at m/z 1246.8. (c) MALDI-TOF/TOF-MS/MS spectrum of the sodiated carboxyl and amino-alcohol
terminated oligomers at m/z 1246.8 of the PEA-Pro sample (U= −NH(CH2)3OCO(CH2)8CO− or
−O(CH2)3NHCO(CH2)8CO−; collision gas = argon).

Figure 6 displays the MALDI-TOF/TOF-MS/MS spectrum of the sodiated cyclic
oligomers at m/z 1228.8 of the PEA-Pro sample. Cyclic oligomers may undergo ring
opening at several backbone positions. However, since β-hydrogen-transfer is the main
fragmentation mechanism, it is reasonable to assume that it is responsible for ring-opening
reaction, resulting in linear chains terminated with carboxylic groups at one end and olefin
group (CH2=CH(CH2)NHCO–) at the other end. Once again, different orientations of
the 3-amino-1-propanol moiety led to two different series’ of ions for each fragmentation
mechanism. In Figure 6, we report the m/z values of the product ions originating from:
(a) β-hydrogen transfer and (b) –CH2–CH2– (β–γ) bond cleavages in the sebacate moiety.

An enlarged portion of the same MALDI-TOF/TOF-MS/MS spectrum in the range
m/z 190–330 is shown in Figure 7. Based on the structures of the identified ions, it is
possible to exclude a regular alternate ester/amide sequence, i.e., infer that the orientation
of 3-amino-1-propanol along the polymer chain is random. In fact, the ions at m/z 193,
239, 305 and 253 can be formed from ester/ester sequences (Figure 7a), and the structure
of the ions at m/z 263, 319 and 303 can be originated by amide/amide sequences in the
polymer chain (Figure 7b). Finally, the presence of the ions at m/z 224, 250, 264, 248 and
280 provides evidence for the existence of ester/amide sequences (Figure 7c). These ions
arise from two bond cleavages of the polymer chains and the formation of some of them
should involve high-energy processes.
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Figure 6. m/z values of the sodiated product ions originating from: (a) the β-hydrogen transfer and
(b) the −CH2−CH2− (β−γ) bond cleavages in the sebacate moiety for the sodiated precursor ions at
m/z 1228.8. (c) MALDI-TOF/TOF-MS/MS spectrum of the sodiated cyclic oligomers at m/z 1228.8 of
the PEA-Pro sample (U= −NH(CH2)3OCO(CH2)8CO− or −O(CH2)3NHCO(CH2)8CO−; collision
gas = argon).

In the same way, MALDI-TOF/TOF-MS/MS performed on the sodiated diamino
alcohol terminated chains at m/z 1303.9 confirms that the ester and amide bonds are
distributed randomly in the polymer chains. Figure 8 shows an enlarged portion of the
MALDI-TOF/TOF-MS/MS spectrum in the range m/z 190–330. Additionally, in this case, it
is possible identify sodiated product ions originated from: (a) ester/ester, (b) amide/amide
and (c) ester/amide sequences.
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TGA provides much unique information that can be usefully combined with those 

obtained by other techniques, such as Py-GC/MS [18,22]. The thermal stability of PEA-Pro 
was evaluated by TGA at a heating rate of 10 °C/min under nitrogen atmosphere. In Fig-
ure 9, the weight loss (TGA, green trace) and its derivative (DTG, blue trace) as a function 
of temperature are presented together. Weight loss starts at about 150 °C, probably due to 
oligomers present in the sample and possibly to adsorbed water. The synthesis was per-
formed at 180 °C [19] and this can justify the formation of degradation products, in agree-
ment with the presence of ions detected in the mass spectra (Figure 3, species G and F) 
and of unassigned ions. Thermal degradation was found to happen in two main stages 
with respective maximum decomposition rates at around 380 °C and 446 °C. The first step 
(380 °C) corresponds to a weight loss of 74% and could be caused by the degradation of 
polyester segments; the second step (447 °C), with a mass loss of 22%, is related to the 
degradation of the amide segments [23]. Information about the degradation steps in TGA 
were used to optimize experimental conditions in Py-GC/MS analyses. 

Figure 8. Bond cleavages leading to the diagnostic product ions from: (a) ester/ester,
(b) amide/amide, and (c) ester/amide sequences. (d) Enlarged portion of MALDI-TOF/TOF-MS/MS
spectrum of the sodiated dicarboxyl-terminated oligomers at m/z 1303.9 of the PEA-Pro sample
(collision gas = argon).

3.4. Thermogravimetric Analysis (TGA)

TGA provides much unique information that can be usefully combined with those
obtained by other techniques, such as Py-GC/MS [18,22]. The thermal stability of PEA-
Pro was evaluated by TGA at a heating rate of 10 ◦C/min under nitrogen atmosphere.
In Figure 9, the weight loss (TGA, green trace) and its derivative (DTG, blue trace) as a
function of temperature are presented together. Weight loss starts at about 150 ◦C, probably
due to oligomers present in the sample and possibly to adsorbed water. The synthesis was
performed at 180 ◦C [19] and this can justify the formation of degradation products, in
agreement with the presence of ions detected in the mass spectra (Figure 3, species G and
F) and of unassigned ions. Thermal degradation was found to happen in two main stages
with respective maximum decomposition rates at around 380 ◦C and 446 ◦C. The first step
(380 ◦C) corresponds to a weight loss of 74% and could be caused by the degradation of
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polyester segments; the second step (447 ◦C), with a mass loss of 22%, is related to the
degradation of the amide segments [23]. Information about the degradation steps in TGA
were used to optimize experimental conditions in Py-GC/MS analyses.
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3.5. Pyrolysis-Gas Chromatography/Mass Spectrometry Analysis (Py-GC/MS)

The structure and thermal degradation of PEA-Pro was also investigated by pyrolysis
coupled with GC/MS for the separation and detection/identification of the products of
the pyrolysis. Two typical chromatograms of the pyrolysates of the PEA-Pro at 350 ◦C and
400 ◦C are shown in Figure S3a,b, respectively. At 450 ◦C, no signals were detected.

Possible compounds of the pyrolysis at 350 ◦C and 400 ◦C are listed in Table S2.
More degradation products were detected at 400 ◦C. Several vinyl-terminated com-

pounds were identified, due to β-hydrogen scissions (occurring in β positions to both
ester and amide bonds) and consequent rearrangements, and to dehydration processes.
Additionally, carboxylic acids, alcohols, and as well as nitriles were assigned, in agreement
with the literature [24]. At 350 ◦C, the main degradation product (RT = 22.049 min) origi-
nated from a β Hydrogen transfer mechanism or intramolecular cyclization accompanied
by water loss. At higher degradation temperature (400 ◦C), the relative area of this sig-
nal (RT = 22.024 min) was lower, suggesting that the formation of those products is less
favoured at higher temperatures. Overall, Py-GC/MS showed partial similarity between
the degradation products and the main fragmentation mechanism detected by the MALDI
tandem MS technique.

4. Conclusions

MALDI-TOF/TOF-MS/MS has proven to be a convenient technique for the structural
characterization of a synthetic polyesteramide sample, providing detailed information on
the fragmentation pathways and the ester/amide bond sequences in the polymer chains.
The presence of different end groups does not influence the fragmentation of sodiated PEA-
Pro oligomers, and similar series of product ions were observed in the MALDI-TOF/TOF-
MS/MS spectra. Based on the structures of the product ions identified in the present work
(Table S1), two main fragmentation cleavages have been proposed to occur most recurrently
in PEA-Pro. In agreement with previous studies on similar polyesteramide samples,
a β-hydrogen transfer rearrangement appears to be the most important fragmentation
mechanism occurring in these MALDI-TOF/TOF-MS/MS experiments carried out with
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and without collision gas. The –CH2–CH2– (β–γ) bond cleavage in the sebacate moiety is
reasonably driven by the formation of product ions bearing α,β-unsaturated ester or amide
end groups. For each cleavage, two product ions are expected to appear in the MS/MS
spectrum. However, the cleavage of some of the bonds yields only one ion. This should
suggest that considerable differences exist in the sodium affinity of the product ions. In
fact, when fragmentation occurs, the sodium cation can remain on one or the other of the
two fragments, but the sodium affinity of the fragments most likely affects the distribution
of the sodium cation between the species formed. MALDI-TOF/TOF-MS/MS analysis
provided structural information concerning bond sequences in the polymer chains. The
several new product ions present in MALDI-TOF/TOF-MS/MS spectra recorded using
argon as the collision gas, above all in the low-mass range, proved diagnostic and made it
possible to ascertain the presence of random sequences of ester and amide bonds in the
polyesteramide sample.

Furthermore, TGA of PEA-Pro highlighted two main degradation steps at 380 ◦C
(weight loss 74%) and 446 ◦C (weight loss 22%). Additionally, structural characterization
performed by Py-GC/MS provided a partial similarity between the degradation products
and the main fragmentation mechanism detected by the MALDI technique.

NMR analysis showed the presence of hydroxyl and amino terminal groups as well
carboxylic groups of the sebacate moiety. As a plus, NMR showed that the 3-amino-1-
propanol termination may present a free hydroxyl or amine group but, from a quantitative
point of view, that hydroxyl and carboxyl termination have the same abundance, while the
amine termination is 2.7-times less frequent.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14081500/s1, Figure S1: Partial g-COSY spectrum of PEA-Pro
in 6d-DMSO at 50 ◦C showing the 4.2–1.0 ppm range. Figure S2: Partial g-COSY spectrum of PEA-Pro
in 6d-DMSO at 50 ◦C showing the 8.0–2.6 ppm range. Figure S3: Total ion current (TIC) trace of
pyrolysis products of PEA-Pro at (a) 350 ◦C and (b) 400 ◦C; Table S1: Structure assignments of product
ions appearing in the MALDI-TOF/TOF-MS/MS spectra of the PEA-Pro sample (precursor ions at
m/z 1189.8, 1228.8, 1246.8 and 1303.9). Table S2: Structure assignment of the degradation products
derived from the pyrolysis of the PEA-pro at 350 and 400 ◦C.
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Abstract: Therapeutic enzymes play important roles in modern medicine due to their high affinity
and specificity. However, it is very expensive to use them in clinical medicine because of their
low stability and bioavailability. To improve the stability and effectiveness of therapeutic enzymes,
immobilization techniques have been employed to enhance the applications of therapeutic enzymes
in the past few years. Reported immobilization techniques include entrapment, adsorption, and
covalent attachment. In addition, protein engineering is often used to improve enzyme properties;
however, all methods present certain advantages and limitations. For carrier-bound immobilization,
the delivery and release of the immobilized enzyme depend on the properties of the carrier and
enzyme. In this review, we summarize the advantages and challenges of the current strategies
developed to deliver therapeutic enzymes and provide a future perspective on the immobilization
technologies used for therapeutic enzyme delivery.

Keywords: adsorption; carrier; covalent attachment; entrapment; immobilization; protein engineering;
therapeutic enzyme

1. Introduction

Immobilization processes have been effectively demonstrated to improve the prop-
erties of biocatalysts, including whole cells and enzymes, for useful biotechnological
applications, such as environmental and medical sectors [1–3]. Enzymes have been used as
therapeutic agents in the last century. Initially, proteolytic enzymes, such as pepsin were
used for the treatment of gastrointestinal disorders, such as lysosomal storage disease. With
the development of biotechnology, enzymes have been used to treat a wide range of dis-
eases, including genetic diseases, cancer, infectious diseases, burn debridement, miscellany,
and clotting [4].

Owing to their high activity, unique selectivity for target substrates, and catalytic
capabilities, enzymes are more advantageous than traditional drugs [5]. Although there
are a number of enzymes that could potentially be applied in clinical medicine, only a
small amount can be used because of the body’s capacity to develop defensive responses to
extraneous proteins, which results in their rapid clearance [6]. As proteins, enzymes are
costly and also easily degraded because of their large size and limited distribution within
the host [7]. To protect therapeutic enzymes from degradation, scientists have attempted
to modify or immobilize enzymes. Immobilization is an important strategy for stabiliz-
ing enzymes, especially for the delivery of therapeutic enzymes. In the present review,
the various immobilization methods developed for therapeutic enzymes are discussed
and summarized.

2. Immobilization of Therapeutic Enzymes

There are three main immobilization methods used for enzymes: adsorption, entrap-
ment, and covalent attachment [8–11]. Rapidly developing strategies, such as molecular
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techniques, protein engineering, and nanotechnology have also been reported for the
immobilization of enzymes with therapeutic applications [3,9,11–14].

2.1. Entrapment

The entrapment of enzymes is an important delivery strategy for therapeutic enzymes.
In this method, enzymes can be entrapped in hydrogels, liposomes, red blood cells (RBCs),
or deoxyribonucleic acid (DNA) cages and then transported to the target tissue.

2.1.1. Entrapment with Hydrogels

Chitosan and chitin are linear polysaccharides with N-acetyl-D-glucosamine and
D-glucosamine units at different ratios. Owing to their exceptional ease in forming hydro-
gels and remarkable affinity for proteins, chitin- and chitosan-based materials have the
advantages of good biocompatibility and biodegradability, non-toxicity, and physiological
inertness [15–17]. Enzymes can be entrapped without requiring chemical activation and
cross-linker or bifunctional agents.

Lipase has been reported to be immobilized inside chitosan hydrogel beads; moreover,
the entrapment efficiency was approximately 51%, and the activity of immobilized lipase for
freeze-dried beads was 1110 U/mL [18,19]. Chitosan hydrogels have low solubility and are
highly pH-dependent, which could lead to undesired enzyme release in the stomach [20].
Therefore, graft copolymerization with acyl, alkyl, monomeric, and polymeric moieties
of chitosan is required for applications in enzyme immobilization to allow the entrapped
enzyme to be delivered more accurately; for this purpose, magnetite could be introduced
for the matrix (Table 1) [21–23].

Carboxymethylcellulose (CMC) is also a good carrier for the preparation of hydrogels.
Prepared CMC gels could be used as supports to carry superoxide dismutase (SOD) for
wound healing, and the resistance of native SOD to hydrogen peroxide inactivation and
the effects of applying SOD-CMC hydrogels to open wounds on the backs of rats were
examined [24]. The results showed that SOD entrapped in the hydrogel could be used to
shorten the wound healing time (19 and 18 days for SOD and SOD-CMC 50%, respectively)
and was also more resistant to peroxide inactivation when compared with the native
enzyme. CMC can be used to form network beads with alginate for protein entrapment,
and the network beads were found to shrink in gastric conditions and swell in intestinal
conditions. Therefore, the controlled delivery of an enzyme to a particular part of the
gastrointestinal tract was demonstrated [25].

Hydrogels are three-dimensional matrices composed of a cross-linked polymer net-
work and hydrophilic polymer chains that resemble soft human tissue because of the
immobilization of large amounts of water [26]. For this reason, hydrogels are one of the
best carriers for therapeutics because they have good biocompatibility and can be used
for a number of biomedical applications. Degradable dextran hydrogels have excellent
biological compatibility and can be used as a long-term delivery system with enzyme
release patterns varying over wide time ranges: from days to months [27,28].

For example, L-asparaginase, which is used as a chemotherapeutic agent for the
treatment of acute lymphoblastic leukemia, could cause side effects, such as allergic or
hypersensitivity reactions. However, its immobilization with dextran hydrogels could
improve its delivery and eliminate allergic reactions. In addition, to solve the inactivation
of enzymes in organic solvents, dextran microspheres could be used, which could be
formed in a poly(ethylene glycol) (PEG) water system [29,30].

Selecting the proper PEG molecular weight, concentration, and degree of substitution
is essential for the entrapment and delivery of enzymes. Dextran can be incorporated with
other biomaterials, such as alginate [31] or chitosan [19], for the entrapment of proteins
or enzymes. PEG-b-polylactic acid was used for the encapsulation of β-galactosidase as
polymersomes (~145 nm) and showed 72% residual activity. The resulting biocatalyst
was found to be effective in the treatment of lysosomal storage disorders of the brain [32].
Alkaline phosphatase immobilized through composite bioceramic and hydrogel assembly
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exhibited enzyme loading up to 48%; thus, it could be a promising candidate for effective
drug delivery, especially for bone reconstruction (Table 1) [33].

Alginate is a binary linear heteropolymer containing 1,4-linked β-D-mannuronic and
α-L-guluronic acid residues. Barrias et al. [20] reported that entrapped glucocerebrosidase
in alginate microspheres retained full activity and exhibited a broader pH-dependent
activity profile. Moreover, the optimum pH was shifted toward the alkaline region by
approximately 0.5 units, and the enzyme could also be released in a sustained manner.
Glucose oxidase (GOX) has also been entrapped in alginate microspheres either chemically
or physically [34], and nano-organized coatings were applied on the microspheres to
stabilize the immobilized enzyme in a biological environment. Alginate composites can
be prepared by incorporating other matrices, such as nano-hydroxyapatite for sustained
drug release [23]. If an appropriate alginate, with an optimal pore size and degradation
rate, is chosen for the entrapment of biological macromolecules, the release kinetics can be
controlled [35].

In addition to these natural biomaterials, biodegradable organic polymers have been
used for drug delivery for approximately 40 years. Poly(lactide-co-glycolide) (PLGA) and
poly(caprolactone) are two notable biodegradable organic polymers [36–39].
Giovagnoli et al. [38,40] reported that SOD and catalase could be entrapped in PLGA micro-
spheres and slowly released (Table 1). The immobilized enzymes significantly enhanced the
viability and function of cultured neonatal pancreatic porcine cell clusters, suggesting that
this technique could provide new strategies for introducing transplant-suitable pancreatic
cell tissue for the treatment of type 1 diabetes mellitus.

When entrapped inside PLGA microspheres without denaturation, enzymes could be
released in a sustained manner for 2 months. Giovagnoli et al. [40] also entrapped SOD and
catalase in PLGA microspheres using a water/oil/water double emulsion method. Their
results showed that immobilized SOD was better stabilized in PLGA microspheres and
that hydrogels were useful for delivering SOD in its native form, making this a promising
new depot system.

The chemical structures of these naturally degradable hydrogels are presented in
Figure 1. All of these hydrogels exhibit common characteristics. They are natural polymers
that can be dissolved in water to form hydrogels. Moreover, these hydrogels are typically
biocompatible and can be used in the human body without leading to severe rejection
reactions. Furthermore, their chemical and physical properties render them as good
candidates for the immobilization and delivery of therapeutic enzymes [41].
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2.1.2. Liposomal Entrapment

Liposomes are colloidal particles that are formed when phospholipids are dispersed in
an aqueous solution [42,43]. Depending on their composition, liposomes can be extremely
stable, biocompatible, or biodegradable. Liposome-encapsulated drugs usually have a
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controlled release pattern, which could be used for the entrapment of enzymes (Figure 2a).
The chemical properties, preparation, and applications of liposomes in drug delivery
were previously reviewed [44]. In these studies, liposome encapsulation was used to
protect β-galactosidase and other enzymes from degradation; it also lowered the risk of
immunological reactions and enhanced the possibility of membrane fusion and the delivery
of the enzymes into cells [18,45,46].
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Alternating adsorption of layers of natural polymers, such as alginate, chitosan, and
phospholipid vesicles, resulted in enhanced encapsulation efficiency of the protein [46].
The entrapment efficiency depends on the interactions between the enzymes and the
phospholipid bilayer. These results indicated that liposomes coated with 10 layers of
polyelectrolytes could encapsulate more than 80% of the loaded protein. The enzyme
liposome preparation and catalytic efficiency as well as the kinetic properties and stability
have also been previously reviewed [46,47].

The reverse-phase evaporation technique is widely used for the preparation of lipo-
somes. When this strategy is used, all components that remain after the evaporation of the
organic solvent form organogels. Subsequently, nanovesicles were formed via the disper-
sion of the organogels in pure water under shaking conditions, and liposomes were formed
via the addition of the remaining aqueous solution that contained therapeutic enzymes to
the organogel under high agitation using a rotary evaporator [48]. The entrapment process
had a recondite impact on the enzymes—especially the catalytic efficiency.

2.1.3. RBCs

Compared with extraneous drug carriers, endogenous carriers have various ligands
that can recognize targets that are expressed preferentially at the diseased site. Furthermore,
they can serve as efficient and safe carriers for targeted drug delivery. Carriers, including
RBCs, macrophages, stem cells, platelets, exosomes, albumin, transferrin, and apolipopro-
teins, were recently reviewed [49]. Among these carriers, RBCs are the most appealing
because they are the most abundant cells in human blood, with a lifespan of 100–120 days
(Figure 2b).
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Many traditional methods have already been employed to entrap enzymes into RBCs.
The most adopted techniques include drug-induced endocytosis, electroporation [50],
and dialysis [51]. Only 0.2–0.3% of the added enzymes, such as β-glucosidase and
β-galactosidase can be entrapped into RBCs using the hypotonic dilution method. In
addition, some higher-molecular-weight substances, such as hemoglobin, ferritin, dextran,
and colloidal gold, can enter RBCs using the drug-induced endocytosis method, which
presents an entrapment rate of 20%.

Compared with the dialysis and endocytosis methods, electroporation is based on the
decrease in the cell membrane barrier function that occurs upon the exposure of cells to a
strong electric field pulse (electropermeabilization), which can significantly increase the per-
meability of the RBC membrane and lead to higher entrapment efficiency [52]. Using these
methods to obtain large pores or perturbations on the cell membrane, several enzymes,
including L-asparaginase, acetaldehyde dehydrogenase, and alcohol dehydrogenase, have
been successfully loaded into RBCs. He et al. [53] reported that L-asparaginase can be
entrapped with cell-penetrating peptides, resulting in a 4% enzyme loading efficiency
with about 70% of activity being retained after encapsulation. Compared with the intra-
venous administration of non-encased β-glucuronidase, RBC-encased enzyme activity was
significantly extended [54].

2.1.4. DNA Cage

DNA is an ideal material for the fabrication of rigid structures because its assembly is
easy to execute and can be controlled by base-pairing [55]. DNA Td nanocages can be easily
prepared and connected by programmable DNA linkers [56]. For the construction of DNA
cages, strategies, such as modular self-assembly, the hierarchical assembly of branched
DNA tiles, the one-pot approach, and DNA origami-based strategies were previously
reviewed [57]. DNA cages can be functionalized with a multitude of chemical tags for
target attachment, making them suitable as drug carriers [58]. Erben et al. [59] reported the
encapsulation of a single protein molecule into a DNA cage with the protein conjugated to
the end of an oligonucleotide through a surface amine.

This protein–DNA complex was combined with oligonucleotides s2–s4 to form a
tetrahedron where the protein molecule was attached to one edge (Figure 2c). In addition,
the position of the protein could be controlled by altering the sequence of the edges of the
DNA cage [52]. Kim et al. [60] presented a method to encapsulate enzymes in a DNA cage
that could transform its conformation depending on the pH, allowing reversible control of
the enzyme accessibility to the surrounding environment.

If DNA cages can be modified with a proper tag, the delivery of encapsulated enzymes
to their target is possible. For therapeutic enzymes, the use of DNA cages as immobilization
carriers is alluring. Simultaneous loading of cytosine deaminase (as a prodrug enzyme) and
doxorubicin (drug) in polymeric nanoparticles performed through tri-block co-polymers
containing click nucleic acids can be effectively used for the co-delivery of chemotherapeutic
agents for broad therapeutic applications (Table 1) [61].

2.1.5. Metal–Protein Hybrids

Proteins immobilized through the metal–protein hybrid system are known as nanoflow-
ers owing to their flower-like structural morphology [8,9,62,63]. Metal–protein hybrid
nanoflowers can be easily synthesized under the harsh conditions required for the modified
nanomaterials to immobilize enzymes [64]. Self-assembly of enzyme and copper sulfate at
room temperature for an incubation period of 3 days in phosphate buffer showed efficient
immobilization of laccase with relative activity up to 650% compared with that of the free
enzyme [62].

Epinephrine is excreted in the urine of patients with pheochromocytoma, a rare tumor
of the adrenal gland. Laccase-based nanoflowers resulted in three-fold faster oxidation of
epinephrine than the free enzyme and showed a diagnostic epinephrine detection range of
0.01–1.0 µg/mL. Thus, the detection of epinephrine using laccase-based nanoflowers could
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reach the diagnostic range of 0.01–1 mg/mL in 24 h [62,63]. Similarly, copper, zinc, calcium,
magnesium, cobalt, and manganese based-enzyme immobilization systems have been
reported [64,65]. Typically, most nanoflowers are synthesized using copper or calcium ions.

Although the formation of hybrid nanoflowers using copper ions is facile and does
not involve high energy consumption, it is a lengthy process (approximately 3 days).
Therefore, it is necessary to shorten the formation time of the hybrid nanoflowers. Zinc
ions react with the phosphate radical faster than copper ions. Typically, the formation of
biomolecule–inorganic hybrid nanoflowers involves three steps as follows. First, primary
copper phosphate crystals are formed. During the growth step, large agglomerates of
biomolecules and primary crystals are formed, and flower-like petals appear.

Finally, branched flower-like structures are formed via anisotropic growth (Figure 2d) [66].
Nanoflower hybrids synthesized using different enzymes exhibited significant improvements
in enzyme properties, including efficiency, kinetics, substrate specificity, and stability [9,63].
The effective immobilization of enzymes as nanoflowers has been associated with: (i) large
surface areas, (ii) stable structural morphology to reduce significant mass-transfer limitations,
and (iii) well-organized confinement of enzyme molecules within the hybrid structure for
enhanced co-operative influence [9,63,64]. Metal-based protein hybrid nanoflowers have been
applied for efficient drug delivery, as biosensors, and for various medical approaches, including
high-resolution images of cells and for monitoring traceable drug delivery systems [62].

Hao et al. [67] reported a mild biomimetic method for calcium hydrogen phosphate
(CaHPO4) nanoflower synthesis using uricase and horseradish peroxidase (HRP). The
hybrid nanoflowers were potentially integrated by a hyaluronic acid dissolvable micronee-
dle system (uricase and HRP-CaHPO4@HA MN) to accomplish effective hyperuricemia
treatment through transdermal drug delivery. The bio-friendly immobilization of SOD into
vaterite calcium carbonate crystals through encapsulation showed a high loading efficiency
of 93% [68].

The resulting hybrid exhibited controlled release of SOD at physiologically relevant
ionic strength, completely retaining its biological activity, which demonstrates that it that
can be applied for ophthalmology applications. Similarly, zeolite imidazole framework-8
(ZIF-8) has been used as a promising candidate for biomedical therapies. Bai et al. [69] re-
ported that ZIF-8 was fabricated using the one-pot embedding GOX and HRP strategy (ZIF-
8@GOX/HRP) for synergetic cancer therapy. Based on cascade catalysis, ZIF-8@GOX/HRP
demonstrated an impressive tumor suppression rate (Table 1).

2.2. Adsorption

The adsorption of enzymes onto or into carriers can be accomplished physically or
through ionic interactions, allowing for a weak interaction between the enzyme and carrier
to be formed. Generally, the immobilization process is mild, and the enzyme properties can
be maximally maintained. Thus, many therapeutic enzymes have been immobilized onto a
variety of carriers.

2.2.1. Inorganic Carriers

Silica nanoparticles are good carriers for the immobilization of therapeutic enzymes
because of their good biocompatibility [70] (Figure 3a). The size and shape of nanoparti-
cles will affect the adsorption patterns, protein structure, and function. Many enzymes,
such as lysozyme [70], lipase [71,72], nattokinase [73], asparaginase [74], SOD [75,76],
β-galactosidase [77], glucocerebrosidase [78], binase [79], hyaluronidase (HAses) [80], GOX,
and HRP [69], have been reported to be immobilized onto nanoparticles. Among these
enzymes, the activity and stability of glucocerebrosidase are compromised in patients
with Gaucher disease (metabolic storage disorder) because these patients do not properly
degrade glucosylceramide (GlcCer), which accumulates and can lead to health problems,
including bone lesions.
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Enzyme efficiency was significantly increased up to 230% at higher pH values (7–8)
after immobilization using self-assembled monolayer nanoparticles (Table 1) [81]. The
adsorption of proteins or enzymes onto or into carriers depends on the properties of the en-
zyme and carrier. The pore size, pH, and temperature are crucial factors for the adsorption
of enzymes. Mesoporous silica nanoparticles have been widely explored because of their
high stability under physiological conditions, controllable pore size, extensive surface area,
and simplicity of synthesis [70]. Metal nanoparticles, such as gold nanoparticles [82] and
silver nanoparticles [83] have been fabricated for the immobilization of β-galactosidase
and other enzymes.

Through the surface modification of these nanoparticles, the interaction between
enzymes and nanoparticles can be modulated, and their biocompatibility can be improved.
Magnetic silica nanoparticles have also received considerable attention because the carried
enzyme can be delivered to its target under an external magnetic field. To reduce the
toxicity of the magnetic silica nanoparticles, surface modification is required. Patel et al. [84]
synthesized a novel type of spherical and porous composite from reduced graphene oxide
and magnetic materials to support the immobilization of enzymes. According to the results,
this material has the advantages of higher immobilization efficiency and lower acute toxicity.
In all the adsorption processes, structural changes may occur, and the enzyme loading will
also depend on the surface area [81].

Ordered mesoporous silica nanoparticles have demonstrated effective bioactivity and
drug delivery systems owing to their high biocompatibility, broad porosity, and structural
morphology [80,85]. Chen et al. [80] reported the stepwise delivery of a biocatalyst and
prodrug through multi-responsive nanoplatforms, such as HAase@SiO2@prodrug for
tumor therapeutics with high efficacy and negligible cytotoxicity of particles toward normal
tissue. The synthesized hybrid HAase@SiO2@prodrug contained nearly 22% and 48% of
HAase and prodrug, respectively.
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Similarly, halloysite nanotubes (HNTs) provide efficient support for the immobilization
of SOD and protamine biomacromolecules via self-assembly and act as antioxidant materi-
als [76]. HNTs accommodated 10 and 100 mg of SOD and protamine sulfate polyelectrolyte
per gram of particles, respectively. The strong interactions (electrostatic, hydrophobic,
and hydrogen bonding) between the HNTs and the biomacromolecules were found to be
beneficial to stop enzyme leakage and the HNTs retained two-fold higher residual SOD
activity after immobilization [76]. The immobilization method on HNTs with binase, the
RNase from Bacillus pumilus, displayed a maximum enzyme loading of 85% and a two-fold
enhancement in cytotoxicity toward tumor colon cells (Table 1) [79].

2.2.2. Organic Carriers

Organic carriers for the adsorption of therapeutic enzymes in drug delivery systems have
also been widely studied. Natural polymers, such as alginate, pectin, chitosan, and carrageenan,
have been used for the adsorption of the therapeutic enzymes [5,20,22,86]. Polyhydroxyalka-
noate (PHA), an important biodegradable polymer, is synthesized by many Gram-positive and
Gram-negative bacteria from at least 75 different genera (Figure 3b) [73,87].

When PHA was used as the carrier for the immobilization of nattokinase (which is a
fibrinolytic enzyme involved in the hydrolysis of blood thrombi in vivo and the conversion
of plasminogen to plasmin) the activity of nattokinase increased by 20% [73]. Moreover, the
stability of nattokinase at 4 ◦C was excellent. Alginate-based biopolymers have also been
developed for sustained drug release [23]. In addition to these natural polymers, biodegrad-
able polyesters, such as polylactic acids, poly(caprolactone), and poly(lactic-co-glycolic
acid) PLGA, can be synthesized for the adsorption of enzymes [32,40,61]. Compared with
natural organic polymers, synthesized polymers exhibit regular and controlled lengths,
molecular weights, and specific properties.

Choi et al. [88] reported a biocompatible system of immobilized urease-based nanomo-
tors to treat bladder diseases that can penetrate deeply into the bladder wall and are
stable for a long period. The urease-powered nanomotors exhibited 86% residual activ-
ity of the free enzyme and showed no cytotoxicity (1 mg/mL) in human bladder cells
(RT4). Similarly, alginate was successfully applied for papain immobilization and used
as a wound healer because of its accelerating therapeutic features. Papain remained very
stable over a long period of 28 days and retained a residual activity of 80% [89]. In contrast,
Jamwal et al. [90] reported the synthesis of a novel glucose-responsive system based on
GOX and dextran particles that exhibited insulin-controlled release of 90% under artificial
intestinal fluid conditions. However, this system can potentially be applied to subcutaneous
insulin therapy (Table 1).

2.2.3. Biological Carriers

The natural ability of viruses to adhere to and enter specific cell types could be
exploited for the delivery of therapeutic agents to cytosols. Thus, virosomes have also been
used as ideal carriers for the transportation of enzymes (Figure 3c) [91]. However, a major
limitation of using virosomes as delivery platforms is the potential for a large immune
response from the host following exposure to the virosome surface antigen. Extracellular
vesicles, virosomes, and liposomes are typical carriers for the delivery of enzymes. As
mentioned above, the liposome-entrapped enzyme could have a disease-triggered drug
release, and liposomes can remain stable for weeks [92].

Bacteria can be used to produce all of the components of extracellular vesicles for
the production of complex therapeutics and carriers, which can greatly reduce the cost of
production and purification [91]. Recently, a review on liposomes, biopolymers, and virus-
like particles for the delivery of enzymes was also presented (Table 1) [92,93]. Compared
with synthesized carriers, these biological carriers have more attractive properties, such
as high biocompatibility, biodegradability, and adjustable structural characteristics, thus,
allowing for a simple and low-cost production strategy.
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2.3. Covalent Attachment
2.3.1. Conjugation onto Polymers

Polymers are usually used as carriers for the immobilization of therapeutic enzymes,
and the immobilized enzyme can be delivered in vivo or used for wound healing. Poly
(N-vinylpyrrolidone) (PVP) and poly(vinyl alcohol) (PVA) have been reported for the
conjugation of proteins or enzymes, such as SOD [78]. Compared with PVP and PVA, PEG
is the standard polymer for the conjugation of enzymes because it results in decreased
enzymatic degradation of its payload and reduced immunogenicity. Initially, PEG was
produced via the reaction of mono-methoxy-PEG (molecular weight (Mw) 5000) with
cyanuric chloride to form PEG dichlorotriazine.

One of the two chlorine atoms of PEG dichlorotriazine would then be displaced by
nucleophilic amino acid units, such as lysine, serine, tyrosine, cysteine, and histidine.
The remaining chlorine atom was not electrophilic but could react to cause nonspecific
crosslinking of the protein; thus, multiple PEG units would become attached to the protein
(Figure 4a) [94]. There are two methods for the conjugation of proteins onto polymers:
anionic and cationic routes. Furthermore, the prepared samples were also nearly monodis-
persed. In the past 20 years, several PEGylated enzymes have been approved by the Food
and Drug Administration.
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With the development of polymer preparation, the conjugation of enzymes onto
polymers will become simpler. In previous studies, PEGylation was used to significantly
increase the stability of enzymes, decrease immunogenicity, and prolong circulation time.
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However, the non-biodegradability of the polymers is a significant limitation of PEGylated
enzymes, and this limitation also drove the development of new degradable polymers [52].

Magnetic polymer nanoparticles were synthesized by the polymerization of iron oxide
(Fe3O4), 2-hydroxyethyl methacrylate, and glycidyl methacrylate to covalently immobilize
L-asparaginase [95]. After immobilization, L-asparaginase retained 74.7% residual activity
in artificial serum medium. It covered 50% activity after 10 h at 55 ◦C and retained 85%
activity after eight cycles of reuse, which can be potentially applied for cancer treatment.
The covalent immobilization of lysozyme on a polymeric agarose matrix provided ben-
eficial potential as a bacteriolytic activity that can be effectively used against pathogens
(Table 1) [96].

2.3.2. Covalent Immobilization onto Nanocarriers

Nanocarriers, especially nanoparticles [97,98] and carbon nanotubes (CNTs) [99], are
promising supports for the immobilization of enzymes because they have a large surface
area for drug delivery. Ansari and Husain [98] compiled a list of nanomaterials used for
the immobilization of enzymes, and the potential for the immobilization of therapeutic
enzymes has been widely explored. Inorganic and organic nanocarriers, such as silica
and ferric oxide nanoparticles, chitosan, and alginate nanomaterials as well as CNTs
with different sizes, have been prepared and modified for the immobilization of enzymes
(Figure 4b) [99].

For example, Fe3O4@chitosan nanoparticles have been used as carriers for the immo-
bilization of penicillin G acylase [22]. This is an important enzyme for the pharmaceutical
industry; it is used to hydrolyze penicillin G to produce 6-aminopenicillanic acid and
7-amino deacetoxycephalosporanic acid and to synthesize β-lactam antibiotics. The immo-
bilized penicillin G acylase presented higher activity, better reusability, and higher thermal
stability compared with the free penicillin G acylase over broad pH and temperature ranges.
Many enzymes, such as GOX [100] and HRP [101], have been immobilized on nanoparticles
as biosensors with the advantages of high sensitivity, fast response, low cost, small size,
and low weight, and have been used in clinical applications.

The shape and facet configuration influences the enzyme loading and release. Immobi-
lized enzymes on nanoparticles showed a broader working pH and enhanced stability com-
pared with the native enzyme [97]. The hybrid nano-biocatalyst synthesized by biomimetic
silica (Si) nanoparticles, magnetic nanoparticles (MNP), polyethyleneimine (PEI), and HRP
as BioSi@T_HRP_MNP_PEI exhibited high enzyme immobilization of 78% [102]. Remark-
ably, the resulting hybrid BioSi@T_HRP_MNP_PEI improved the thermal stability of the
enzyme ~280 times, which can potentially be used in directed enzyme prodrug therapy
(DEPT) and other related biotechnological applications (Table 1).

2.3.3. Albumin and RBCs as Carriers

Albumin and RBCs are natural carriers and can remain in the blood for between two
to three weeks, which is far longer than any polymer [103,104]. As versatile carriers for
therapeutic or diagnostic enzymes, enzymes being carried on albumin have been applied
for the diagnosis and treatment of cancer, diabetes, and infectious diseases [103]. Enzymes
can be engineered to bind, conjugate, or genetically fuse to albumin [104].

For example, human butyrylcholinesterase [105] and other molecular drugs, such
as hormones, cytokines, growth factors, and peptides, have been reported to be fused to
albumin with half-lives far longer than their unfused counterparts. The surface of RBCs can
be modified to contain modified proteins on the plasma membrane, which can be labeled
in a sortase-catalyzed reaction under native conditions without inflicting damage on the
target membrane or cell (Figure 4c) (Table 1) [106]. However, the limitations of using RBCs
as carriers include the macrophage-mediated destruction of enzymes-carrying RBCs from
long-term circulation, the possibility of enzymes damaging the cells, membrane leakage,
and the inability to control the release of enzymes.
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Table 1. Descriptions of various therapeutic enzymes immobilized through different methods.

Techniques Support Enzyme Descriptions Reference

Encapsulation

Alginate Glucocerebrosidase

The immobilized enzyme presented broader activity than
the free enzyme at higher pH values. Localized delivery

of the enzyme was observed; 40% of the enzyme was
loaded within microspheres after 24 h.

[20]

PEG-b-polylactic acid β-galactosidase

Polymersomes showed 72% efficiency and restricted
release at physiological pH (7.4). Enzymatic-based

treatment to the brain in lysosomal storage
disorders was demonstrated.

[32]

Calcium carbonate Alkaline Phosphatase
Enzyme loading of up to 48% was observed on particles.

This approach could be a promising candidate for
effective drug delivery, especially for bone reconstruction.

[33]

Poly(D,L-lactide) Catalase and
superoxide dismutase

Compared with the control enzymes, the entrapped
enzymes enhanced the in vitro viability and function of

isolated neonatal pancreatic porcine cell clusters.
[38,40]

Mouse RBCs Human erythropoietin

Human RBCs presented higher encapsulation yield (22%)
than mouse RBCs (14%) and an efficient cell recovery of

70%. The stability of the encapsulated enzyme was highly
dependent on the experimental immobilization

conditions. Carrier RBCs presented higher hypoosmotic
resistance than regular RBCs, and they efficiently released

the immobilized enzyme in suspension.

[51]

PEG-CNA-PLGA Cytosine deaminase

PEG-CNA-PLGA nanoparticles are efficiently used for the
co-immobilization of doxorubicin (a chemotherapy drug)
and cytosine deaminase (prodrug enzyme). This system
could be used for the codelivery of chemotherapy agents.

[61]

CaHPO4 nanoflower Uricase and HRP

The synthesized hybrid, uricase and HRP-CaHPO4@HA
MN, showed maximum encapsulation up to 71%. The

resulting hybrid could be used for the
treatment of hyperuricemia.

[67]

Calcium carbonate crystals Superoxide dismutase

A high loading efficiency of 93% was achieved on
particles, and they exhibited an excellent controlled

release of the enzyme at physiologically relevant ionic
strength without changes in its biological activity. It could
potentially be used for SOD delivery in ophthalmology.

[68]

ZIF-8 GOX and HRP
ZIF-8@Gox/HRP preserved high residual activity up to

2.1 fold. The hybrids showed selective tumor
cell growth inhibition.

[69]

Magnetic hydrogel L-asparaginase

The immobilization yield of the enzyme was as high as
90%. When the enzyme was immobilized within the

polymeric shell, its activity remained unchanged after six
months of storage at 4 ◦C. Moreover, the high

biocompatibility of the support can be helpful for the
delivery of the enzyme to tumor tissues.

[74]

Adsorption

Polyhydroxyalkanoate Nattokinase

Enzyme activity increased by 20% after immobilization;
moreover, the immobilized enzyme was stable up to

70 ◦C and did not lose its residual activity after 25 days of
storage at 4 ◦C.

[73]

HNT-PSP Superoxide dismutase
HNT-PSP-SOD showed a two-fold higher residual activity
without any enzyme leakage. This system can potentially

be applied for inflammatory bowel disease therapy.
[76]

HNTs Binase
An enzyme loading of 85% was achieved on HNTs, and it
exhibited a two-fold enhanced cytotoxicity toward tumor

colon cells.
[79]

Self-assembled monolayers Glucocerebrosidase Enzyme efficiency significantly increased up to 230% at
higher pH (7–8) values after immobilization. [81]
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Table 1. Cont.

Techniques Support Enzyme Descriptions Reference

Polydopamine Urease
The biocompatible properties and long-lasting

effectiveness of this system can be used for various
bladder disease diagnoses.

[88]

Alginate Papain
The enzyme showed stability over 28 days with 80%

residual activity. It improved the therapeutic features and
thereby increased wound healing.

[89]

Acryloyl cross
linked dextrandialdehyde Glucose oxidase

In vitro insulin controlled release of about 70% under
artificial intestinal fluid conditions was demonstrated. It

can be effectively used for therapeutic applications.
[90]

Immuno-virosomes Lysozyme Approximately 75% of the enzyme cargo was delivered to
the cytoplasm, avoiding the endocytic pathway. [92]

Covalent

Poly(ethylene glycol) Adenosine deaminase
The PEGylation process dramatically increased the

stability of the enzyme, decreased the immunogenicity,
and prolonged the circulation time.

[52]

Fe3O4@chitosan Penicillin G acylase

The immobilized enzyme presented higher activity, better
reusability, and higher thermal stability than the free
enzyme over wide pH and temperature ranges. The

conversion yield of 72% was recorded for the synthesis of
amoxicillin using the immobilized enzyme at 25 ◦C.

[22]

Magnetic poly
(2-hydroxyethyl

methacrylate and
glycidyl methacrylate)

L-asparaginase

Immobilized enzyme retained 50% activity after 10 h
under thermophilic conditions (55 ◦C) and 85% residual
activity preserved after 8 cycles of reuses. It could be a

promising candidate for cancer treatment.

[95]

Polymeric agarose matrix Lysozyme

Almost complete immobilization achieved. It is a
promising candidate for the synthesis of complementary

material for medical applications in
extracorporeal therapy.

[96]

BioSi@THRP_MNP_PEI HRP
The immobilization yield was achieved up to 78% and the
stability improved ~280 times. It can potentially be used
for DEPT and other related biotechnological applications.

[102]

Mouse RBCs L-asparaginase

The immobilization of enzymes on RBCs lowered the
development of antibody titers by >1000-fold and

extended the pharmacodynamic effects of the enzyme
drug by approximately ten-fold when

administered to mice.

[106]

3. Protein Engineering

Protein engineering can be used to modify the primary amino acid sequence of en-
zymes to improve enzyme structure, stability, and function. By combining protein en-
gineering and immobilization, enzyme properties can be efficiently improved [14,107].
Protein engineering allows site-specific immobilization of enzymes at any desired residue.
Smith et al. [108] developed a protein residue-explicit covalent immobilization technique
for a stability enhancement system, which uses an amber codon substitution to enable
rationally directed non-canonical amino acid incorporation for site-specific immobilization
of enzymes.

This can be used to effectively improve stability during covalent immobilization.
Later, the same group used this method to immobilize lysozymes with orientation control,
allowing for more than a 50% improvement in activity compared with the randomly
immobilized enzymes [109]. Raliski et al. [110] reported the utilization of unnatural amino
acid technologies to introduce biorthogonal handles in a site-specific fashion for protein
immobilization. When introducing genes into RBCs encoding surface proteins that can
be covalently and site-specifically modified on the cell surface, the RBCs can be used as
carriers for the immobilization of enzymes, including sortase for drug delivery [106].

Compared to traditional immobilization methods, protein engineering allows for
orientation-control immobilization [111]. The immobilized enzyme often has high stability
and recovery because the immobilization process is totally designable and controllable. The
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genetic modification of xenobiotic reductases (XenB) from Pseudomonas putida facilitated
effective immobilization on the gold surface for potential human use in cancer prodrug
(CB1954) therapy as a chemotherapy strategy via magnetic nanoparticle-based DEPT [112].

4. Conclusions

Compared with industrial enzymes, therapeutic enzymes are more specialized regard-
ing their potential applications in humans. To safely use therapeutic enzymes, immobiliza-
tion techniques must be reliable, non-toxic, and without side effects. Biocompatibility with
the human body is the most important consideration when immobilization is performed.
Thus, natural and artificial biopolymers are still the primary choice for the adsorption or
entrapment of therapeutic enzymes.

Due to their high carrying capability as well as easy and controllable preparation meth-
ods, nanocarriers will likely become widely used in clinical and diagnostic applications.
With the development of computational and molecular techniques, protein engineering
will also fulfill important functions in the immobilization of enzymes. The combination
of protein engineering and specific immobilization will make the targeted delivery of
therapeutic enzymes much easier.

Author Contributions: Conceptualization, Y.-W.Z., S.K.S.P. and J.-K.L.; data curation, C.-Y.Z., F.-L.L.
and R.K.G.; writing—original draft preparation, Y.-W.Z., C.-Y.Z., F.-L.L., R.K.G., S.K.S.P. and J.-K.L.;
writing—review and editing, Y.-W.Z., S.K.S.P. and J.-K.L.; funding acquisition, Y.-W.Z., S.K.S.P. and
J.-K.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT & Future Planning
(NRF-2019R1C1C11009766, NRF-2020R1A4A2002854, and 2021M3A9I5023254).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: This work was supported by the KU Research Professor Program of Konkuk University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Keçili, R.; Say, R.; Yavuz, H. Synthesis and characterization of pseudo-affinity ligand for penicillin acylase purification. Int. J. Biol.

Macromol. 2006, 39, 250–255. [CrossRef] [PubMed]
2. Patel, S.K.S.; Jeon, M.S.; Gupta, R.K.; Jeon, Y.; Kalia, V.C.; Kim, S.C.; Cho, B.-K.; Kim, D.R.; Lee, J.-K. Hierarchical macro-porous

particles for efficient whole-cell immobilization: Application in bioconversion of greenhouse gases to methanol. ACS Appl. Mater.
Interfaces 2019, 11, 18968–18977. [CrossRef] [PubMed]

3. Subjakova, V.; Oravczova, V.; Hianik, T. Polymer nanoparticles and nanomotors modified by DNA/RNA aptamers and antibodies
in targeted therapy of cancer. Polymers 2021, 13, 341. [CrossRef] [PubMed]

4. Robertson, J.G. Enzymes as a special class of therapeutic target: Clinical drugs and modes of action. Curr. Opin. Struct. Biol. 2007,
17, 674–679. [CrossRef] [PubMed]

5. Klein, M.D.; Langer, R. Immobilized enzymes in clinical medicine: An emerging approach to new drug therapies. Trends Biotechnol.
1986, 4, 179–186. [CrossRef]

6. Friboulet, A. From enzymes to new biocatalysts: Towards new therapeutic strategies. Actual. Chim. 2003, 11–12, 15–19.
7. Holcenberg, J.S. Enzymes as drugs. Annu. Rev. Pharmacol. Toxicol. 1977, 17, 97–116. [CrossRef]
8. Patel, S.K.S.; Otari, S.V.; Li, J.; Kim, D.R.; Kim, S.C.; Cho, B.-K.; Kalia, V.C.; Kang, Y.C.; Lee, J.-K. Synthesis of cross-linked

protein-metal hybrid nanoflowers and its application in repeated batch decolorization of synthetic dyes. J. Hazard. Mater. 2018,
347, 442–450. [CrossRef]

9. Patel, S.K.S.; Choi, H.; Lee, J.-K. Multi-metal based inorganic–protein hybrid system for enzyme immobilization. ACS Sustain.
Chem. Eng. 2019, 7, 13633–13638. [CrossRef]

10. Danial, E.N.; Alkhalaf, M.I. Co-immobilisation of superoxide dismutase and catalase using an in vitro encapsulation protocol.
J. King Saud Univ. Sci. 2020, 32, 2489–2494. [CrossRef]

11. El-Newehy, M.H.; El-Hamshary, H.; Salem, W.M. Solution blowing spinning technology towards green development of urea
sensor nanofibers immobilized with hydrazone probe. Polymers 2021, 13, 531. [CrossRef] [PubMed]

207



Polymers 2022, 14, 1409

12. Gao, H.; Li, J.; Sivakumar, D.; Kim, T.-S.; Patel, S.K.S.; Kalia, V.C.; Kim, I.-W.; Zhang, Y.-W.; Lee, J.-K. NADH oxidase from
Lactobacillus reuteri: A versatile enzyme for oxidized cofactor regeneration. Int. J. Biol. Macromol. 2019, 123, 629–636. [CrossRef]
[PubMed]

13. Wahab, R.A.; Elias, N.; Abdullah, F.; Ghoshal, S.K. On the taught new tricks of enzymes immobilization: An all-inclusive overview.
React. Funct. Polym. 2020, 152, 104613. [CrossRef]

14. Pagolu, R.; Singh, R.; Shanmugam, R.; Kondaveeti, S.; Patel, S.K.S.; Kalia, V.C.; Lee, J.-K. Site-directed lysine modification of
xylanase for oriented immobilization onto silicon dioxide nanoparticles. Bioresour. Technol. 2021, 331, 125063.

15. Krajewska, B. Application of chitin- and chitosan-based materials for enzyme immobilizations: A review. Enzyme Microb. Technol.
2004, 35, 126–139. [CrossRef]

16. Li, H.; Dong, W.-F.; Zhou, J.-Y.; Xu, X.-M.; Li, F.-Q. Triggering effect of N-acetylglucosamine on retarded drug release from a
lectin-anchored chitosan nanoparticles-in-microparticles system. Int. J. Pharm. 2013, 449, 37–43. [CrossRef]

17. Wang, F.; Chen, L.; Zhang, D.; Jiang, S.; Shi, K.; Huang, Y.; Li, R.; Xu, Q. Methazolamide-loaded solid lipid nanoparticles modified
with low-molecular weight chitosan for the treatment of glaucoma: Vitro and vivo study. J. Drug Target. 2014, 22, 849–858.
[CrossRef]

18. Betigeri, S.S.; Neau, S.H. Immobilization of lipase using hydrophilic polymers in the form of hydrogel beads. Biomaterials 2002,
23, 3627–3636. [CrossRef]

19. Wang, X.-Y.; Jiang, X.-P.; Li, Y.; Zeng, S.; Zhang, Y.-W. Preparation Fe3O4@chitosan magnetic particles for covalent immobilization
of lipase from Thermomyces lanuginosus. Int. J. Biol. Macromol. 2015, 75, 44–50. [CrossRef]

20. Barrias, C.C.; Lamghari, M.; Granja, P.L.; Miranda, M.C.S.; Barbosa, M.A. Biological evaluation of calcium alginate microspheres
as a vehicle for the localized delivery of a therapeutic enzyme. Biomed. Mater. Res. A 2005, 74, 545–552. [CrossRef]

21. Bhavsar, C.; Momin, M.; Gharat, S.; Omri, A. Functionalized and graft copolymers of chitosan and its pharmaceutical applications.
Expert Opin. Drug Deliv. 2017, 14, 1189–1204. [CrossRef] [PubMed]

22. Ling, X.-M.; Wang, X.-Y.; Ma, P.; Yang, Y.; Qin, J.-M.; Zhang, X.-J.; Zhang, Y.-W. Covalent immobilization of penicillin G acylase
onto Fe3O4@chitosan magnetic nanoparticles. J. Microbiol. Biotechnol. 2016, 26, 829–836. [CrossRef] [PubMed]

23. Saquib, M.; Nayak, A.; Singh, M.; Tabish, M.; Ansari, M.T.; Ara, T.J. Alginate-based bipolymeric-nanobioceramic composite
matrices for sustained drug release. Int. J. Biol. Macromol. 2016, 83, 71–77.

24. Chiumiento, A.; Lamponi, S.; Barbucci, R.; Dominguez, A.; Perez, Y.; Villalonga, R. Immobilizing Cu,Zn-superoxide dismutase
in hydrogels of carboxymethylcellulose improves its stability and wound healing properties. Biochem. Mosc. 2006, 71, 1324.
[CrossRef]

25. Bannikova, A.; Rasumova, L.; Evteev, A.; Ivan, E.; Kasapis, S. Protein-loaded sodium alginate and carboxymethyl cellulose beads
for controlled release under simulated gastrointestinal conditions. Int. J. Food Sci. Technol. 2017, 52, 2171–2179. [CrossRef]

26. Zelikin, A.N.; Ehrhardt, C.; Healy, A.M. Materials and methods for delivery of biological drugs. Nat. Chem. 2016, 8, 997–1007.
[CrossRef]

27. Franssen, O.; Vandervennet, L.; Roders, P.; Hennink, W.E. Degradable dextran hydrogels: Controlled release of a model protein
from cylinders and microspheres. J. Control. Release 1999, 60, 211–221. [CrossRef]

28. Alexandre, N.; Amorim, I.; Caseiro, A.R.; Pereira, T.; Alvites, R.; Rêma, A.; Gonçalves, A.; Valadares, G.; Costa, E.; Santos-Silva, A.; et al.
Long term performance evaluation of small-diameter vascular grafts based on polyvinyl alcohol hydrogel and dextran and MSCs-based
therapies using the ovine pre-clinical animal model. Int. J. Pharm. 2016, 513, 332–346. [CrossRef]

29. Crommelin, D.J.A.; Storm, G.; Jiskoot, W.; Stenekes, R.; Mastrobattista, E.; Hennink, W.E. Nanotechnological approaches for the
delivery of macromolecules. J. Control. Release 2003, 87, 81–88. [CrossRef]

30. Nguyen, H.X.; O’Rear, E.A. Biphasic release of protein from polyethylene glycol and polyethylene glycol/modified dextran
microspheres. J. Biomed. Mater. Res. A 2013, 101, 2699–2705. [CrossRef]

31. Jadhav, S.B.; Singhal, R.S. Pullulan-complexed α-amylase and glucosidase in alginate beads: Enhanced entrapment and stability.
Carbohydr. Polym. 2014, 105, 49–56. [CrossRef] [PubMed]

32. Kelly, J.M.; Gross, A.L.; Martin, D.R.; Byrne, M.E. Polyethylene glycol-b-poly(lactic acid) polymersomes as vehicles for enzyme
replacement therapy. Nanomedicine 2017, 12, 2591–2606. [CrossRef] [PubMed]

33. Abalymov, A.; Poelvoorde, L.V.; Atkin, V.; Skirtach, A.G.; Konrad, M.; Parakhonskiy, B. Alkaline phosphatase delivery system
based on calcium carbonate carriers for acceleration of ossification. ACS Appl. Bio Mater. 2020, 3, 2986–2996. [CrossRef] [PubMed]

34. Zhu, H.; Srivastava, R.; Brown, J.Q.; McShane, M.J. Combined physical and chemical immobilization of glucose oxidase in
alginate microspheres improves stability of encapsulation and activity. Bioconjug. Chem. 2005, 16, 1451–1458. [CrossRef]

35. Gombotz, W.R.; Wee, S. Protein release from alginate matrices. Drug Deliv. Rev. 2012, 64, 194–205. [CrossRef]
36. Zhang, H.-Y.; Firempong, C.K.; Wang, Y.-W.; Xu, W.-Q.; Wang, M.-M.; Cao, X.; Zhu, Y.; Tong, S.-S.; Yu, J.-N.; Xu, X.-M. Ergosterol-

loaded poly(lactide-co-glycolide) nanoparticles with enhanced in vitro antitumor activity and oral bioavailability. Acta Pharmacol.
Sin. 2017, 37, 834–844. [CrossRef]

37. Xiong, F.; Hu, K.; Yu, H.; Zhou, L.; Song, L.; Zhang, Y.; Shan, X.; Liu, J.; Gu, N. A functional iron oxide nanoparticles modified
with PLA-PEG-DG as tumor-targeted MRI contrast agent. Pharm. Res. 2017, 34, 1683–1692. [CrossRef]

38. Giovagnoli, S.; Luca, G.; Casaburi, I.; Blasi, P.; Macchiarulo, G.; Ricci, M.; Calvitti, M.; Basta, G.; Calafiore, R.; Rossi, C. Long-term
delivery of superoxide dismutase and catalase entrapped in poly(lactide-co-glycolide) microspheres: In vitro effects on isolated
neonatal porcine pancreatic cell clusters. J. Control. Release 2005, 107, 65–77. [CrossRef]

208



Polymers 2022, 14, 1409

39. Paik, D.-H.; Choi, S.-W. Entrapment of protein using electrosprayed poly(d,l-lactide-co-glycolide) microspheres with a porous
structure for sustained release. Macromol. Rapid Commun. 2014, 35, 1033–1038. [CrossRef]

40. Giovagnoli, S.; Blasi, P.; Ricci, M.; Rossi, C. Biodegradable microspheres as carriers for native superoxide dismutase and catalase
delivery. AAPS PharmSciTech 2004, 5, 1–9. [CrossRef]

41. Demers, N.; Agostinelli, E.; Averill-Bates, D.A.; Fortier, G. Immobilization of native and poly(ethylene glycol)-treated (‘PEGylated’)
bovine serum amine oxidase into a biocompatible hydrogel. Biotechnol. Appl. Biochem. 2001, 33, 201–207. [CrossRef] [PubMed]

42. Yuan, L.; Geng, L.; Ge, L.; Yu, P.; Duan, X.; Chen, J.; Chang, Y. Effect of iron liposomes on anemia of inflammation. Int. J. Pharm.
2013, 454, 82–89. [CrossRef] [PubMed]

43. Yang, L.; Xin, J.; Zhang, Z.; Yan, H.; Wang, J.; Sun, E.; Hou, J.; Jia, X.; Lv, H. TPGS-modified liposomes for the delivery of
ginsenoside compound K against non-small cell lung cancer: Formulation design and its evaluation in vitro and in vivo. J. Pharm.
Pharmacol. 2016, 68, 1109–1118. [CrossRef] [PubMed]

44. Vemuri, S.; Rhodes, C.T. Preparation and characterization of liposomes as therapeutic delivery systems: A review. Pharm. Acta
Helv. 1995, 70, 95–111. [CrossRef]

45. Chen, G.Y.; Li, D.H.; Jin, Y.; Zhang, W.Y.; Teng, L.R.; Bunt, C.; Wen, J.Y. Deformable liposomes by reverse-phase evaporation
method for an enhanced skin delivery of (+)-catechin. Drug Dev. Ind. Pharm. 2014, 40, 260–265. [CrossRef] [PubMed]

46. Haidar, Z.S.; Hamdy, R.C.; Tabrizian, M. Protein release kinetics for core–shell hybrid nanoparticles based on the layer-by-layer
assembly of alginate and chitosan on liposomes. Biomaterials 2008, 29, 1207–1215. [CrossRef]

47. Jahadi, M.; Khosravi-Darani, K. Liposomal encapsulation enzymes: From medical applications to kinetic characteristics. Mini-Rev.
Med. Chem. 2017, 17, 366–370. [CrossRef]

48. Liang, J.F.; Li, Y.T.; Yang, V.C. Biomedical application of immobilized enzymes. J. Pharm. Sci. 2000, 89, 979–990. [CrossRef]
49. Parayath, N.; Amiji, M. Therapeutic targeting strategies using endogenous cells and proteins. J. Control. Release 2017, 258, 81–94.

[CrossRef]
50. Lizano, C.; Sanz, S.; Luque, J.; Pinilla, M. In vitro study of alcohol dehydrogenase and acetaldehyde dehydrogenase encapsulated

into human erythrocytes by an electroporation procedure. Biochim. Biophys. Acta BBA Gen. Subj. 1998, 1425, 328–336. [CrossRef]
51. Garín, M.-I.; López, R.-M.; Sanz, S.; Pinilla, M.; Luque, J. Erythrocytes as carriers for recombinant human erythropoietin. Pharm.

Res. 1996, 13, 869–874. [CrossRef] [PubMed]
52. Lainka, E.; Hershfield, M.S.; Santisteban, I.; Bali, P.; Seibt, A.; Neubert, J.; Friedrich, W.; Niehues, T. Polyethylene gly-col-

conjugated adenosine deaminase (ADA) therapy provides temporary immune reconstitution to a child with de-layed-onset ADA
deficiency. Clin. Diagn. Lab. Immonol. 2005, 12, 861–866.

53. He, H.; Ye, J.; Wang, Y.; Liu, Q.; Chung, H.S.; Kwon, Y.M.; Shin, M.C.; Lee, K.; Yang, V.C. Cell-penetrating peptides meditated
encapsulation of protein therapeutics into intact red blood cells and its application. J. Control. Release 2014, 176, 123–132.
[CrossRef] [PubMed]

54. Magnani, M.; Pierigè, F.; Rossi, L. Erythrocytes as a novel delivery vehicle for biologics: From enzymes to nucleic acid-based
therapeutics. Ther. Deliv. 2012, 3, 405–414. [CrossRef] [PubMed]

55. Seeman, N.C. DNA in a material world. Nature 2003, 421, 427–431. [CrossRef]
56. Goodman, R.P.; Schaap, I.A.T.; Tardin, C.F.; Erben, C.M.; Berry, R.M.; Schmidt, C.F.; Turberfield, A.J. Rapid chiral assembly of

rigid DNA building blocks for molecular nanofabrication. Science 2005, 310, 1661–1665. [CrossRef]
57. Chandrasekaran, A.R.; Levchenko, O. DNA Nanocages. Chem. Mater. 2016, 28, 5569–5581. [CrossRef]
58. Saccà, B.; Niemeyer, C.M. Functionalization of DNA nanostructures with proteins. Chem. Soc. Rev. 2011, 40, 5910. [CrossRef]
59. Erben, C.M.; Goodman, R.P.; Turberfield, A.J. Single-molecule protein encapsulation in a rigid DNA cage. Angew. Chem. Int. Ed.

2006, 45, 7414–7417. [CrossRef]
60. Kim, S.H.; Kim, K.-R.; Ahn, D.-R.; Lee, J.E.; Yang, E.G.; Kim, S.Y. Reversible regulation of enzyme activity by pH-responsive

encapsulation in DNA nanocages. ACS Nano 2017, 11, 9352–9359. [CrossRef]
61. Harguindey, A.; Roy, S.; Harris, A.W.; Fairbanks, B.D.; Goodwin, A.P.; Bowman, C.N.; Cha, J.N. Click nucleic acid mediated

loading of prodrug activating enzymes in PEG−PLGA nanoparticles for combination chemotherapy. Biomacromolecules 2019, 20,
1683–1690. [CrossRef] [PubMed]

62. Ge, J.; Lei, J.; Zare, R.N. Protein–inorganic hybrid nanoflowers. Nat. Nanotechnol. 2012, 7, 428–432. [CrossRef] [PubMed]
63. Batule, B.S.; Park, K.S.; Kim, M.I.; Park, H.G. Ultrafast sonochemical synthesis of protein- inorganic nanoflowers. Int. J. Nanomed.

2015, 10, 137–142.
64. Cui, J.; Jia, S. Organic–inorganic hybrid nanoflowers: A novel host platform for immobilizing biomolecules. Coord. Chem. Rev.

2017, 352, 249–263. [CrossRef]
65. Shende, P.; Kasture, P.; Gaud, R.S. Nanoflowers: The future trend of nanotechnology for multi-applications. Artif. Cells Nanomed.

Biotechnol. 2018, 46, 1–10. [CrossRef]
66. Li, Z.; Zhang, Y.; Su, Y.; Ouyang, P.; Ge, J.; Liu, Z. Spatial co-localization of multi-enzymes by inorganic nanocrystal–protein

complexes. Chem. Commun. 2014, 50, 12465–12468. [CrossRef]
67. Hao, Y.; Li, H.; Cao, Y.P.; Chen, Y.W.; Lei, M.Y.; Zhang, T.Y.; Xiao, Y.; Chu, B.Y.; Qian, Z.Y. Uricase and horseradish peroxidase

hybrid CaHPO4 nanoflower integrated with transcutaneous patches for treatment of hyperuricemia. J. Biomed. Nanotechnol. 2019,
15, 951–965. [CrossRef]

209



Polymers 2022, 14, 1409

68. Binevski, P.V.; Balabushevich, N.G.; Uvarova, V.I.; Vikulina, A.S.; Volodkin, D. Bio-friendly encapsulation of superoxide dismutase
into vaterite CaCO3 crystals. Enzyme activity, release mechanism, and perspectives for ophthalmology. Colloids Surf. B Biointerfaces
2019, 181, 437–449. [CrossRef]

69. Bai, J.; Peng, C.; Guo, L.; Zhou, M. Metal−organic framework-integrated enzymes as bioreactor for enhanced therapy against
solid tumor via a cascade catalytic reaction. ACS Biomater. Sci. Eng. 2019, 5, 6207–6215. [CrossRef]

70. Vertegel, A.A.; Siegel, R.W.; Dordick, J. Silica nanoparticle size influences the structure and enzymatic activity of adsorbed
lysozyme. Langmuir 2004, 20, 6800–6807. [CrossRef]

71. Liu, W.; Zhou, F.; Zhang, X.-Y.; Li, Y.; Wang, X.-Y.; Xu, X.-M.; Zhang, Y.-W. Preparation of Magnetic Fe3O4@SiO2 nanoparticles for
immobilization of lipase. J. Nanosci. Nanotechnol. 2014, 14, 3068–3072. [CrossRef] [PubMed]

72. Shi, Y.; Liu, W.; Tao, Q.-L.; Jiang, X.-P.; Liu, C.-H.; Zeng, S.; Zhang, Y.-W. Immobilization of lipase by adsorption onto magnetic
nanoparticles in organic solvents. J. Nanosci. Nanotechnol. 2016, 16, 601–607. [CrossRef] [PubMed]

73. Deepak, V.; Pandian, S.B.R.K.; Kalishwaralal, K.; Gurunathan, S. Purification, immobilization, and characterization of nattokinase
on PHB nanoparticles. Bioresour. Technol. 2009, 100, 6644–6646. [CrossRef] [PubMed]

74. Teodor, E.; Litescu, S.C.; Lazar, V.; Somoghi, R. Hydrogel-magnetic nanoparticles with immobilized L-asparaginase for biomedical
applications. J. Mater. Sci. Mater. Med. 2009, 20, 1307–1314. [CrossRef] [PubMed]

75. Chen, Y.-P.; Chen, C.-T.; Hung, Y.; Chou, C.-M.; Liu, T.-P.; Liang, M.-R.; Chen, C.-T.; Mou, C.-Y. A new strategy for intracellular
delivery of enzyme using mesoporous silica nanoparticles: Superoxide dismutase. J. Am. Chem. Soc. 2013, 135, 1516–1523.
[CrossRef] [PubMed]

76. Katana, B.; Rouster, P.; Varga, G.; Muráth, S.; Glinel, K.; Jonas, A.M.; Szilagyi, I. Self-assembly of protamine biomacromolecule on
halloysite nanotubes for immobilization of superoxide dismutase enzyme. ACS Appl. Bio Mater. 2020, 3, 522–530. [CrossRef]

77. Condori, J.; Acosta, W.; Ayala, J.; Katta, V.; Flory, A.; Martin, R.; Radin, J.; Cramer, C.L.; Radin, D.N. Enzyme replacement for
GM1-gangliosidosis: Uptake, lysosomal activation, and cellular disease correction using a novel β-galactosidase: RTB lectin
fusion. Mol. Genet. Metab. 2016, 117, 199–209. [CrossRef]

78. Ribeiro, C.C.; Barrias, C.C.; Barbosa, M.A. Calcium phosphate-alginate microspheres as enzyme delivery matrices. Biomaterials
2004, 25, 4363–4373. [CrossRef]

79. Khodzhaeva, V.; Makeeva, A.; Ulyanova, V.; Zelenikhin, P.; Evtugyn, V.; Hardt, M.; Rozhina, E.; Lvov, Y.; Fakhrullin, R.;
Ilinskaya, O. Binase immobilized on halloysite nanotubes exerts enhanced cytotoxicity toward human colon adenocarcinoma
cells. Front. Pharmacol. 2017, 8, 631. [CrossRef]

80. Chen, L.; Liu, Z.; Jin, R.; Yang, X.; Bai, Y.; Liu, S.; Chen, X. Stepwise co-delivery of an enzyme and prodrug based on a multi-
responsive nanoplatform for accurate tumor therapy. J. Mater. Chem. B 2018, 6, 6262–6268. [CrossRef]

81. Barrias, C.C.; Martins, M.A.C.L.; Miranda, M.A.C.S.; Barbosa, M.A. Adsorption of a therapeutic enzyme to self-assembled
monolayers: Effect of surface chemistry and solution pH on the amount and activity of adsorbed enzyme. Biomaterials 2005, 26,
2695–2704. [CrossRef] [PubMed]

82. Rana, S.; Bajaj, A.; Mout, R.; Rotello, V.M. Monolayer coated gold nanoparticles for delivery applications. Adv. Drug Deliv. Rev.
2012, 64, 200–216. [CrossRef] [PubMed]

83. Gunasekaran, T.; Nigusse, T.; Dhanaraju, M.D. Silver nanoparticles as real topical bullets for wound healing. J. Am. Coll. Clin.
Wound Spec. 2011, 3, 82–96. [CrossRef] [PubMed]

84. Patel, S.K.S.; Choi, S.H.; Kang, Y.; Lee, J.-K. Eco-friendly composite of Fe3O4-reduced grapene oxide particles for efficient enzyme
immobilization. ACS Appl. Mater. Interfaces 2017, 9, 2213–2222. [CrossRef]

85. Manzano, M.; Vallet-Regi, M. New developments in ordered mesoporous materials for drug delivery. J. Mater. Chem. 2010, 20,
5593–5604. [CrossRef]

86. Zahirinejad, S.; Hemmati, R.; Homaei, A.; Dinari, A.; Hosseinkhani, S.; Mohammadi, S.; Vianello, F. Nano-organic supports for
enzyme immobilization: Scopes and perspectives. Colloids Surf. B Biointerfaces 2021, 204, 111774. [CrossRef]

87. Kalia, V.C.; Patel, S.K.S.; Shanmugam, R.; Lee, J.-K. Polyhydroxyalkanoates: Trends and advances toward biotechnological
applications. Bioresour. Technol. 2021, 326, 124737. [CrossRef]

88. Choi, H.; Cho, S.H.; Hahn, S.K. Urease-powered polydopamine nanomotors for intravesical therapy of bladder diseases. ACS Nano
2020, 14, 6683–6692. [CrossRef]

89. Filho, R.N.F.M.; Vasconcelos, N.F.; Andrade, F.K.; Roas, M.D.F.; Vieira, R.S. Papain immobilized on alginate membrane for wound
dressing application. Colloids Surf. B Biointerfaces 2020, 194, 111222. [CrossRef]

90. Jamwal, S.; Rama, B.; Ranote, S.; Dharela, R.; Chauhan, G.S. New glucose oxidase-immobilized stimuli-responsive dextran
nanoparticles for insulin delivery. Int. J. Biol. Macromol. 2019, 123, 968–978. [CrossRef]

91. Cusi, M.G. Applications of influenza virosomes as a delivery system. Hum. Vaccines 2006, 2, 1–7. [CrossRef] [PubMed]
92. Kumar, M.; Mani, P.; Pratheesh, P.; Chandra, S.; Jeyakkodi, M.; Chattopadhyay, P.; Sarkar, D.P.; Sinha, S. Membrane fusion

medi-ated targeted cytosolic drug delivery through scFv engineered sendai viral envelopes. Curr. Mol. Med. 2015, 15, 386–400.
[CrossRef] [PubMed]

93. Koyani, R.; Pérez-Robles, J.; Cadena-Nava, R.D.; Vazquez-Duhalt, R. Biomaterial-based nanoreactors, an alternative for enzyme
delivery. Nanotechnol. Rev. 2017, 6, 405–419. [CrossRef]

94. Alconcel, S.N.S.; Baas, A.S.; Maynard, H.D. FDA-approved poly(ethylene glycol)-protein conjugate drugs. Polym. Chem. 2011, 2,
1442–1448. [CrossRef]

210



Polymers 2022, 14, 1409

95. Orhan, H.; Uygun, D.A. Immobilization of L-asparaginase on magnetic nanoparticles for cancer treatment. Appl. Biochem.
Biotechnol. 2020, 191, 1432–1443. [CrossRef]

96. Levashov, P.A.; Matolygina, D.A.; Ovchinnikova, E.D.; Adamova, I.Y.; Dmitrieva, O.A.; Pokrovsky, N.S.; Eremeev, N.L. A novel
method of covalent lysozyme immobilization for the development of materials for medical applications. Rus. J. Bioorgan. Chem.
2019, 45, 101–106. [CrossRef]

97. Patel, S.K.S.; Choi, S.H.; Kang, Y.; Lee, J.-K. Large-scale aerosol-assisted synthesis of biofriendly Fe2O3 yolk–shell particles: A
promising support for enzyme immobilization. Nanoscale 2016, 8, 6728–6738. [CrossRef]

98. Ansari, S.A.; Husain, Q. Potential applications of enzymes immobilized on/in nano materials: A review. Biotechnol. Adv. 2012, 30,
512–523. [CrossRef]

99. Ali, S.S.; Morsy, R.; El-Zawawy, N.A.; Fareed, M.F.; Bedaiwy, M.Y. Synthesized zinc peroxide nanoparticles (ZnO2-NPs): A novel
antimicrobial, anti-elastase, anti-keratinase, and anti-inflammatory approach toward polymicrobial burn wounds. Int. J. Nanomed.
2017, 12, 6059–6073. [CrossRef]

100. Zhou, X.; Guo, S.; Gao, J.; Zhao, J.; Xue, S.; Xu, W. Glucose oxidase-initiated cascade catalysis for sensitive impedimetric aptasensor
based on metal-organic frameworks functionalized with Pt nanoparticles and hemin/G-quadruplex as mimicking peroxidases.
Biosens. Bioelectron. 2017, 98, 83–90. [CrossRef]

101. Fritzen-Garcia, M.B.; Monteiro, F.F.; Cristofolini, T.; Acuña, J.J.S.; Zanetti-Ramos, B.G.; Oliveira, I.R.W.Z.; Soldi, V.; Pasa, A.A.;
Creczynski-Pasa, T.B. Characterization of horseradish peroxidase immobilized on PEGylated polyurethane nanoparticles and its
application for dopamine detection. Sens. Actuators B—Chem. 2013, 182, 264–272. [CrossRef]

102. Correa, S.; Puertas, S.; Gutiérrez, L.; Asín, L.; de la Fuente, J.M.; Grazú, V.; Betancor, L. Design of stable magnetic hybrid
nanoparticles of Si-entrapped HRP. PLoS ONE 2019, 14, e0214004. [CrossRef] [PubMed]

103. Elsadek, B.; Kratz, F. Impact of albumin on drug delivery—New applications on the horizon. J. Control. Release 2012, 157, 4–28.
[CrossRef] [PubMed]

104. Sleep, D.; Cameron, J.; Evans, L.R. Albumin as a versatile platform for drug half-life extension. Biochim. Biophys. Acta 2013, 1830,
5526–5534. [CrossRef] [PubMed]

105. Cohen-Barak, O.; Wildeman, J.; van de Wetering, J.; Hettinga, J.; Schuilenga-Hut, P.; Gross, A.; Clark, S.; Bassan, M.;
Gilgun-Sherki, Y.; Mendzelevski, B.; et al. Safety, pharmacokinetics, and pharmacodynamics of TV-1380, a novel mutated
butyrylcholinesterase treatment for cocaine addiction, after single and multiple intramuscular injections in healthy subjects.
J. Clin. Pharmacol. 2015, 55, 573–583. [CrossRef]

106. Shi, J.; Kundrat, L.; Pishesha, N.; Bilate, A.; Theile, C.; Maruyama, T.; Dougan, S.K.; Ploegh, H.L.; Lodish, H.F. Engineered red
blood cells as carriers for systemic delivery of a wide array of functional probes. Natl. Acad. Sci. USA 2014, 111, 10131–10136.
[CrossRef]

107. Singh, R.K.; Tiwari, M.K.; Singh, R.; Lee, J.-K. From protein engineering to immobilization: Promising strategies for the upgrade
of industrial enzymes. Int. J. Mol. Sci. 2013, 14, 1232–1277. [CrossRef]

108. Smith, M.T.; Wu, J.C.; Varner, C.T.; Bundy, B.C. Enhanced protein stability through minimally invasive, direct, covalent, and
site-specific immobilization. Biotechnol. Prog. 2013, 29, 247–254. [CrossRef]

109. Wu, J.C.Y.; Hutchings, C.H.; Lindsay, M.J.; Werner, C.J.; Bundy, B.C. Enhanced enzyme stability through site-directed covalent
immobilization. J. Biotechnol. 2015, 193, 83–90. [CrossRef]

110. Raliski, B.K.; Howard, C.A.; Young, D.D. Site-specific protein immobilization using unnatural amino acids. Bioconjug. Chem. 2014,
25, 1916–1920. [CrossRef]

111. Redeker, E.S.; Ta, D.T.; Cortens, D.; Billen, B.; Guedens, W.; Adriaensens, P. Protein engineering for directed immobilization.
Bioconj. Chem. 2013, 24, 1761–1777. [CrossRef] [PubMed]

112. Ball, P.; Halliwell, J.; Anderson, S.; Gwenin, V.; Gwenin, C. Evaluation of two xenobiotic reductases from Pseudomonas putida
for their suitability for magnetic nanoparticle-directed enzyme prodrug therapy as a novel approach to cancer treatment.
Microbiologyopen 2020, 9, e1110. [CrossRef] [PubMed]

211





Citation: Borrero-López, A.M.;

Valencia, C.; Franco, J.M.

Lignocellulosic Materials for the

Production of Biofuels, Biochemicals

and Biomaterials and Applications of

Lignocellulose-Based Polyurethanes:

A Review. Polymers 2022, 14, 881.

https://doi.org/10.3390/

polym14050881

Academic Editor: Alejandro Sosnik

Received: 26 January 2022

Accepted: 21 February 2022

Published: 23 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Review

Lignocellulosic Materials for the Production of Biofuels,
Biochemicals and Biomaterials and Applications of
Lignocellulose-Based Polyurethanes: A Review
Antonio M. Borrero-López * , Concepción Valencia and José M. Franco

Pro2TecS—Chemical Process and Product Technology Research Center, Departamento de Ingeniería Química,
Escuela Técnica Superior de Ingeniería, Campus de “El Carmen”, Universidad de Huelva, 21071 Huelva, Spain;
barragan@uhu.es (C.V.); franco@uhu.es (J.M.F.)
* Correspondence: am.borrero@diq.uhu.es; Tel.: +34-959-217-633

Abstract: The present review is devoted to the description of the state-of-the-art techniques and
procedures concerning treatments and modifications of lignocellulosic materials in order to use
them as precursors for biomaterials, biochemicals and biofuels, with particular focus on lignin and
lignin-based products. Four different main pretreatment types are outlined, i.e., thermal, mechan-
ical, chemical and biological, with special emphasis on the biological action of fungi and bacteria.
Therefore, by selecting a determined type of fungi or bacteria, some of the fractions may remain
unaltered, while others may be decomposed. In this sense, the possibilities to obtain different final
products are massive, depending on the type of microorganism and the biomass selected. Biofuels,
biochemicals and biomaterials derived from lignocellulose are extensively described, covering those
obtained from the lignocellulose as a whole, but also from the main biopolymers that comprise its
structure, i.e., cellulose, hemicellulose and lignin. In addition, special attention has been paid to the
formulation of bio-polyurethanes from lignocellulosic materials, focusing more specifically on their
applications in the lubricant, adhesive and cushioning material fields. High-performance alternatives
to petroleum-derived products have been reported, such as adhesives that substantially exceed the
adhesion performance of those commercially available in different surfaces, lubricating greases with
tribological behaviour superior to those in lithium and calcium soap and elastomers with excellent
static and dynamic performance.

Keywords: lignocellulose; lignin; cellulose; biofuels; biomaterials; biochemicals; lubricating greases;
adhesives; cushioning materials; rheology

1. Lignocellulose as Renewable Raw Material: Sources and General
Chemical Description

It is well known that with the increasing issues of climate change, waste management
and unstoppable resource exhaustion, politics and research efforts need to be combined in
the search for new materials and sources that can replace fossil fuels and non-renewable
resources currently in use, which besides generally include hazardous/toxic manufacture
protocols and problematic end-of-life. The anthropogenic imprint on global temperature
has already been reported as an increase of 0.87 ◦C, and it is expected to be around 1.5 ◦C
between 2030 and 2050, temperatures which may imply severe changes in the worldwide
climate, increasing the probability of drought and heavy precipitation in determined
regions, along with many increasing risks in fields such as health, food security, water
supply, etc. [1]. In order to mitigate these increments and minimize the human impact,
stronger policies need to be applied; in addition, worldwide research must provide the
technology and resources necessary for the replacement of the contaminating sources by
biomaterials and harmless product manufacturing [2,3]. It is at this point that lignocellulosic
sources can play a fundamental role as a consequence of their natural origin, ubiquitous
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production all over the world, minimum carbon footprint and the interesting properties of
their main components [3–6].

Lignocellulosic biomass comprises the skeleton of all the living plants on Earth from
their roots, leaves and stalks to their fruits and flowers. Wood is generally divided into two
main groups, hardwood and softwood. Whereas hardwood refers to wood coming from an-
giosperm trees, such as oak, eucalyptus and beech, softwood originates from gymnosperm
trees, such as conifers. Both of them are mainly composed of the joined combination of
three natural polymers, i.e., cellulose, hemicellulose and lignin, and are currently widely
targeted as they comprise promising renewable materials for bioproduct performance and
biofuels [6–11]. Their content range varies between 40 and 50% of cellulose, 15 and 30% of
lignin and 25 and 30% of hemicellulose; nonetheless, these concentrations depend signifi-
cantly on the type of biomass selected, part and age of the plant, growth conditions [12,13]
and part of the cellulose wall [14] (see Table 1).

Table 1. Composition of representative lignocellulosic feedstocks [12].

Feedstocks
Carbohydrate Composition (% Dry Weight)

Cellulose Hemicellulose Lignin

Barley hull 24 36 19
Barley straw 36–43 24–33 6.3–9.8

Bamboo 49–50 18–20 23
Banana waste 13 15 14

Corn cob 32.3–45.6 39.8 6.7–13.9
Corn stover 35.1–39.5 20.7–24.6 11.0–19.1

Cotton 85–95 5–15 0
Cotton stalk 31 11 30
Coffee pulp 33.7–36.9 44.2–47.5 15.6–19.1
Douglas fir 35–48 20–22 15–21
Eucalyptus 45–51 11–18 29

Hardwood stems 40–55 24–40 18–25
Rice straw 29.2–34.7 23–25.9 17–19
Rice husk 28.7–35.6 11.96–29.3 15.4–20

Wheat straw 35–39 22–30 12–16
Wheat bran 10.5–14.8 35.5–39.2 8.3–12.5

Grasses 25–40 25–50 10–30
Newspaper 40–55 24–39 18–30

Sugarcane bagasse 25–45 28–32 15–25
Sugarcane tops 35 32 14

Pine 42–49 13–25 23–29
Poplar wood 45–51 25–28 10–21

Olive tree biomass 25.2 15.8 19.1
Jute fibres 45–53 18–21 21–26

Switchgrass 35–40 25–30 15–20
Winter rye 29–30 22–26 16.1

Oilseed rape 27.3 20.5 14.2
Softwood stem 45–50 24–40 18–25

Oat straw 31–35 20–26 10–15
Nut shells 25–30 22–28 30–40

Sorghum straw 32–35 24–27 15–21
Tamarind kernel

powder 10–15 55–65 -

Water hyacinth 18.2–22.1 48.7–50.1 3.5–5.4
Miscanthus * 37 29 10
Oat husks ** 23 35 25

* Adapted from [15]. ** Adapted from [16].

Cellulose comprises the most abundant biopolymer on Earth, as it is the most im-
portant skeletal component of plant cell walls (see Table 1). It is formed by the union of
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D-glucose units via β-1,4 glycosidic linkages, forming a semicrystalline fibrous structure
which can surpass polymerization degrees of 9000 units [17].

On the other hand, hemicellulose does not possess a defined structure, as it consists
of a combination of several diverse monomers, i.e., xylose, arabinose, mannose, galactose,
rhamnose, glucose, etc. [18], whose concentrations depend on the biomass. Unlike cellulose,
it is composed of an amorphous and branched polymer in which monomer units are usually
within the range of 500–3000 units [19,20]. The combination of the diverse units usually
generates four main hemicellulose structures, i.e., xylan, xyloglucan, galactomannan and
galactoglucomannan [21].

Lignin consists of a highly entangled biopolymer based on several phenyl propane
aromatic units, known as monolignols, together with other aromatic and non-aromatic
units. Basically, these monolignols are three, i.e., coniferyl alcohol, sinapyl alcohol and
paracoumaryl alcohol, shown in Figure 1.

Figure 1. Main monolignol units. p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, from left
to right.

However, the possibilities of the lignin structure are immense, as just by the combi-
nation of those three units, and keeping in mind the different resonance structures that
can be generated for further reaction (see Figure 2), a complex and wide range of bond-
ing alternatives is available, making lignin structure extremely difficult to predict [22].
Nonetheless, thanks to powerful nuclear magnetic resonance (NMR) techniques, such as
the two-dimensional NMR (2D-NMR) or 13C NMR, some of the principal sequences have
been elucidated, which are shown in Figure 3 [23–26]. Further information and extended
work in 2D-NMR structural information of lignin can be seen elsewhere [27]. 13C NMR
detailed information for lignin structure can also be found in the literature [28,29].

Figure 2. Resonance units of the radical intermediates of the diverse monolignol units during
lignin synthesis.
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Figure 3. Main lignin structures identified by NMR. (R may indicate both aliphatic and aromatic
chains.) (A) β-O-4 alkyl-aryl ethers; (A’) β-O-4 alkyl-aryl ethers with acylated γ’-OH with p-coumaric
acid; (B) resinols; (B’) di-c-acylated mono-tetrahydrofuran structure formed by β–β’ coupling and
subsequent a-O-a’ bonding (R, acetyl/p-coumaroyl); (C) phenylcoumarans; (I) p-hydroxycinnamyl
alcohol end-groups; (C/C’) γ-acetylated phenylcoumaran (R, acetyl) (J) spirodienones (β-1′); (PCA)
p-coumarates; (PB) p-hydroxybenzoate; (FA) ferulates; (T) tricin incorporation into the lignin polymer
through a G-type β-O-4 linkage; (E) α,β-diaryl ethers (α-O-4/β-O-4).
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2D-NMR technique also lets the different percentage of structural units be
estimated [23,24,26,30,31]. Thus, the quantification of these interunit linkages has been
widely reported, and as can be observed, β-O-4 is outlined as the most prevalent bond type
(see Table 2) [32].

Table 2. Approximate percentages of linkages found in softwood and hardwood lignin [33].

Linkage Type
Approximate Percentage (%)

Softwood Hardwood

β-O-4 45–50 60
5–5 18–25 5
β-5 9–12 6

4-O-5 4–8 7
β-1 7–10 7
β-β 3 3

All these three materials together produce a highly developed 3D network, which
has made the separation of these biopolymers an extremely interesting topic, due to its
inherent relationship with the papermaking industry. It has been the case that meticulous
research has been carried out in order to improve this separation and hence decrease energy
costs [34]. The most followed procedure, the Kraft process, considers both hemicellulose
and lignin as low-value byproducts, both being generally used as low-value fuels to recover
part of the energy consumed during the process.

Nonetheless, the full and/or alternative utilisation of the three components would
lead to a much better economic performance, which is the basis of the biorefinery concept.
An example of how a paper industry could lead to complete exploitation of the raw biomass
can be found elsewhere [35].

2. Pretreatments of Lignocellulosic Biomass

Lignocellulosic biomass has naturally developed protection against enzymatic and
pathogen activity through a great entangled network in which the three biopolymers are
covalent- or hydrogen-bonded, conforming to a great resilient structure [36], which now
plays against technological needs when the disruption of the plant cell wall is aimed at [37].
In order to ease the proper separation among the different lignocellulosic biopolymers,
a wide range of pretreatments is available [38]. Furthermore, when specific purposes
that require determined properties are aimed at, the application of pretreatments of a
different nature becomes necessary. These pretreatments have been classified into four
categories: physical, thermal, chemical and biological pretreatments [37,39]. Nevertheless,
within a determined process, changes in parameter conditions may anyway lead to diverse
structural changes [40]. A descriptive scheme summarizing the main content of this section
has been included as Scheme 1.

Scheme 1. Main pretreatments of lignocellulose and products obtained, with special attention to the
enzymes involved in both fungi and bacterial biological processes of cellulose and lignin degradation.
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2.1. Physical Pretreatments

The physical pretreatments include those processes which aim to disrupt the plant
cell wall mechanically, reducing the particle size and exposing a higher surface for later
purposes. Frequently, these are often preliminary stages after which other pretreatments
may be applied. Diverse ball milling procedures are some of the most researched exam-
ples [4,37].

2.2. Thermal Pretreatments

Among the most used thermal pretreatments, examples such as steam explosion and
hydrothermolysis (also known as autohydrolysis) can be found. By taking advantage
of water at high temperatures, hemicellulose has been almost completely recovered [4],
while lignin and cellulose have been mildly modified, making them more accessible for
further treatments. However, the energy requirements in order to implement this technique
industrially still remain too high [39].

2.3. Chemical Pretreatments

With the chemical pretreatments, the solubilisation of the biopolymers which comprise
the lignocellulosic biomass into different solvents is sought. The vast majority of the
lignocellulosic separation processes are chemically based, and can be classified into acidic,
alkaline and oxidative pretreatments.

The three of them mainly affect both hemicellulose and lignin, leading to great sol-
ubilisation of these two biopolymers and making cellulose available to a greater extent
for subsequent treatments [37]. For some authors, steam explosion and hydrothermolysis
are considered acidic pretreatments as a consequence of the acidic characteristics of water
at high temperatures [37]. Detailed information about the diverse chemical pretreatment
methods can be found elsewhere [4,36–39].

2.4. Biological Pretreatments

In opposition to the other types of pretreatments, biological procedures have the
advantages of being low-energy and low-chemical-consuming processes, eco-friendly and
without the formation of inhibitors such as aldehydes, furfurals and phenolics [36,37,39].
Carried out through the action of either fungi or bacteria, the degradation capacity relies
on the production of a great variety of enzymes, which are able to digest the three biopoly-
mer types. The main parameters affecting biological pretreatments are the incubation
temperature and time, moisture content, pH, aeration, inoculum concentration, particle
size and type of microorganism. Moreover, the biomass type also plays a fundamental
role [41]. Hereby, the correct scalability of the pretreatment to an industrial process lies
in the correct selection of the above-mentioned parameters [39,41]. Although the varying
biopolymer degradation by both fungi and bacteria will be discussed in the following
sections separately, it is worth noticing that the synergistic activity of the different enzymes
is responsible for the complete degradation carried out by the microorganisms [42].

2.4.1. Biodegradation by Fungus Activity

Fungi are able to secrete a wide range of enzymes with the capacity to degrade the
three biopolymer types of plant cell walls. Within that range, enzymes can be divided into
two types: hydrolytic, able to degrade both cellulose and hemicellulose, and oxidative,
mainly responsible for lignin degradation [43]. Fungi can also be divided into three diverse
groups, soft-, white- and brown-rot fungi, a classification that is based on the degradation
mechanism pattern for each lignocellulose biopolymer [44,45]. Therefore, the white-rot
fungi are known to successfully degrade the three lignocellulosic biopolymers. The brown-
rot fungi attack is mainly centred on the holocellulose instead, whilst action in lignin is
only limited. Finally, the soft-rot fungi demonstrate no effect on lignin [45].
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Cellulose Biodegradation by Fungus Activity

Regarding cellulose biodegradation, those enzymes with the ability to digest cellu-
lose are called cellulases. Three are the main cellulase groups generated by fungi, i.e.,
endoglucanases, cellobiohydrolases and β-glucosidases [44]. Endoglucanases are known
to randomly attack the amorphous region, opening suitable locations for the subsequent
hydrolisation of crystalline structures by cellobiohydrolases and β-glucosidases, which are
known to act synergistically [44,45].

Hemicellulose Biodegradation by Fungus Activity

As a consequence of the greater heterogeneity of this biopolymer in comparison
to cellulose, a higher number of enzymes is necessary in order to properly degrade the
biopolymer. Each one of the typical monomers that compose hemicellulose, i.e., xylose,
mannose, galactose, arabinose, etc., has its own range of enzymes suitable for its proper
degradation and transformation [46]. Generally, at least two types of enzymes may be
present for each monomer, a first one responsible for the transformation of the hemicellulose
chain into oligosaccharides and a second one which acts for the ulterior degradation to the
monomers and acetic acid [44].

Lignin Biodegradation by Fungus Activity

The most common oxidative enzymes produced by fungi are phenol oxidases, from
which lignin and manganese peroxidases and laccases have been more deeply studied. The
first ones are responsible for the degradation of the non-phenolic units, whereas the second
ones are known to attack both phenolic and non-phenolic units. Laccases, however, only
degrade phenolics and other electron-rich groups. The different routes for lignin degrada-
tion by using both laccases and peroxidases have been described elsewhere [47]. The lignin
breakdown by those enzymes could lead to the production of important aromatic chemicals.
For instance, a wide range of aromatic carboxylic acids and acyclic 2,4-hexadiene-1,6-dioic
acids were found when spruce-based lignin was degraded by Phanerochaete chrysosporium.
In this particular case, lignin degradation is occurring by Cα–Cβ oxidative cleavage as
suggested by the benzoic-acid derivative nature of the compounds obtained [48]. Detailed
information about the scheme and further information about fungi-based lignocellulosic
degradation can be found elsewhere [44,47,49].

2.4.2. Biodegradation by Bacterial Activity

By producing different types of enzymes, bacteria are also able to degrade lignocellu-
losic biomass in the same way that fungi do. However, as bacteria generally do not produce
lignanases, the aromatic biopolymer constitutes a barrier for many of these bacteria. Such is
the interest in the bacterial ability to degrade lignocellulose that some genetic modifications
have been carried out in order to improve the degradation capacity [50] or target some spe-
cific degradation products [51,52]. The search for bacterial activity related to lignocellulosic
degradation has traditionally been performed in the animal gastrointestinal system, but
interesting microorganisms have also been found in landfill sites lately [53,54].

Cellulose Biodegradation by Bacterial Activity

Many specific bacteria have shown the ability to degrade cellulose, such as those coming
from the genera Sporocytophaga, Trichonympha, Cellulomonas Erwinia, Clostridium, Acetivibrio,
Thermobifida, Mucilaginibacter, Bacteroides, Streptomyces, Cytophaga, Butyrivibrio, Fibrobacter,
Pedobacter, Ruminococcus, Methanobrevibacter, Caldicel-lulosiruptor and Clostridium [21,55–57],
which come from both aerobic and anaerobic types of bacteria. Generally, likewise, fungi
and aerobic bacteria possess the three types of enzymes acting synergistically [57], while the
digestion by anaerobic procedures is based on the formation of complexes called cellulosomes
(calcium- and-thiol-dependent multicomponent complexes) acting on bacteria’s surface [58,59].
Cellulases have also been divided into families that share a distinctive catalytic core, thus
exhibiting a similar reaction mechanism, i.e., either a single substitution with the inversion of
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the configuration or a double substitution leading to the maintenance of the β-arrangement at
the anomeric carbon [60]. Cellulases possess very particular structures, where, along with the
usual catalytic domain, many also include domains related to the substrate, cell or cellulosomes
binding, the last one leading to the formation of these enzyme-based complexes [60]. These
bindings may avoid the elimination of the enzyme from the substrate, conduct hydrolysis to
specific domains or facilitate the recovery of the digestion products [60].

Furthermore, often bacteria and microorganisms do not possess the three types, but
they act synergistically between them instead. The enzymatic cellulose degradation is
affected by both the structural characteristics of the biopolymer (crystallinity, degree of
polymerization, etc.) and their own acting enzymes [42,61]. The enzyme-related factors
which affect cellulose degradation are enzyme origin, temperature, specific product inhi-
bition, binding to the substrate, activity balance for synergism, specific activity and both
enzyme processability and compatibility [42].

Hemicellulose Biodegradation by Bacterial Activity

Once more, species from both aerobic and anaerobic bacteria were identified as hemicel-
lulose degraders, counting Ochrobactrum, Bacillus, Paenibacillus, Acinetobacter, Thermomonospora,
Clostridia, Streptomyces, Cellvibrio and Pseudomonas between the hemicellulase-producer gen-
era [59,62]. In the same way as fungi, complete hemicellulose degradation is accomplished
by the synergistic operation of a vast range of enzymes because of the inherent variability of
the hemicellulose biopolymer. Only for xylan, a wide range of enzymes has been reported
as being mandatory for the degradation completion; these enzymes have been included in
Table 3, together with a short explanation of their mode of action [62,63].

Table 3. Enzymes involved in the hydrolysis of complex heteroarabinoxylans.

Enzyme Objective

Endo-β-l,4-xylanase β-1,4-xylose linkage hydrolysation of the xylan
backbone

Exo-xylanase β-1,4-xylose linkage hydrolysation, releasing xylobiose

β-Xylosidase Release short-chain xylooligosaccharides and xylose
from xylobiose

α-L-Arabinofuranosidase Terminal non-reducing α-arabinofuranose hydrolysation
from arabinoxylans

α-Glucuronidase Release glucuronic acid from glucuronoxylans
Acetylxylan esterase Acetylester bond hydrolysation in acetyl xylans
Ferulic acid esterase Feruloylester bond hydrolysation in xylans

ρ-Coumaric acid esterase ρ -coumaryl ester bond hydrolysation in xylans

On the other hand, some xylanases are known not to provoke the breakdown of glyco-
sidic linkages until a proper debranching has been performed. However, those debranching
enzymes often require partial hydrolysis before a proper breakage can be obtained. Hence,
these findings highlight the intricate complexity of hemicellulose degradation, which, apart
from the great numbers of enzymes involved, also requires a careful equilibrium and
synergistic operation between the different enzymes [59,63,64].

Lignin Biodegradation by Bacterial Activity

Although the ability to degrade lignin is exclusive to a few bacteria genera such
as Streptomyces, Rhodococcus, Nocardia or several Sphingomonas, Pseudomonas, Enterobacter
and Actinomyces species [21,51,65], it has often been reported to be comparable to that
shown by well-known lignin-degrader fungi [65]. Furthermore, the difficulties found in
the genetic modification together with the low enzymatic yields usually observed in fungi
have propelled the interest in the lignin-degrader bacteria [66]. The vast majority of these
bacteria have been found within the digestive system of termites and other insects, though
some other important species have also been found in soil and decaying vegetation [65–67].
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Despite the enzymology of bacterial lignin digestion not being as developed as deeply
as with fungi, some studies have helped to elucidate some of the enzymes which play a
significant role in the lignin degradation by bacteria. Thus, four different types of bacterial
lignin-degrader enzymes have been found up to this date [66]. Multi-copper oxidase
enzymes, also known as laccases, constitute the first one, which have been found in species
from the Streptomyces, Ochrobactrum, Pseudomonas, Paenibacillus and Amycolaptosis genera.
Laccases have been found in very different living organisms, in which they play different
roles. Hence, they are related to morphogenesis, pathogen-host interaction, stress defence
and lignin degradation in fungi, whereas they play an opposite role in plants, where they
are responsible for growth by lignin biosynthesis. Functions such as morphogenesis, copper
homeostasis and pigmentation have been found in bacteria, whereas they are related to the
sclerotisation of the cuticle in insects [54].

Other species from the Rhodococcus, Enterobacter, Saccharomonospora, Pseudomonas,
Amycolatopsis and Thermobifida genera have otherwise shown the production of Dyp-
type peroxidases [67,68], which form the second type of bacterial lignin-degrader en-
zymes. Recently, a lignin-oxidising manganese superoxide dismutase enzyme was found
in Sphingobacterium sp. T2, which establishes the third type of enzymes. The last group
is formed by the glutathione-dependent β-etherase enzymes, which are known to act
through the β-aryl ether linkage rupture [66]. The visual appearance of the active sites of
the different lignin-degrader enzymes can be found elsewhere [66].

The main aromatic species found through the biological pretreatment with lignin-
degrader bacteria have been summarised in Table 4, which also includes fungi-related data
for this production.

Table 4. Aromatic products detected from lignin breakdown [51,65,66].

Compound Fungal Lignin Degrader Bacterial Lignin Degrader

Benzoic acid

4-hydroxy P. chrysosporium A. aneurinilyticus, A. sp. 75iv3
4-hydroxy-3-methoxy P. chrysosporium A. aneurinilyticus

4-hydroxy-3-methoxy-6-
carboxy P. chrysosporium

4-hydroxy-3-methoxy-5-
carboxy P. putida, R. jostii RHA1

3,4-dimethoxy P. chrysosporium
3,4-dimethoxy-2-carboxy P. chrysosporium

2-hydroxy-3-methoxy A. aneurinilyticus, P. putida
2,3-dihydroxy

2,3,4-trihydroxy Bacillus sp.

Benzaldehyde 4-hydroxy-3-methoxy S. paucimobilis
3,4,5-trimethoxy Bacillus sp.

Cinnamic acid
4-hydroxy Bacillus sp.

4-hydroxy-3-methoxy Bacillus sp., P. putida, R. jostii
RHA1

Biphenyl-5,5′-dicarboxylic
acid, 2,2′-dihydroxy,

3,3′-dimethoxy
P. chrysosporium

Diphenyl ether P. chrysosporium

Propiophenone-3′-hydroxy 4-hydroxy-3-methoxy S. paucimobilis. P. putida, R.
jostii RHA1

Acetophenone 4-hydroxy-3-methoxy Soil metabolite

Phenol
2-methoxy Soil metabolite

2-methoxy-4-vinyl Soil metabolite

Vanillin R. jostii RHA1, A. sp. 75iv3

It is also worth mentioning that such products are not often directly obtained from the ligno-
cellulosic chain; instead, oxidised polymeric intermediates are found. Streptomyces viridosporus,
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Amycolatopsis sp. 75iv3 and Thermobifida fusca have been shown to produce a water-soluble inter-
mediate described as acid-precipitable poly-phenolic polymeric lignin (APPL) [65,66]. However,
the production of either the polymeric intermediates or the direct phenolic-based molecules is
based on the cleavage of the interunit linkages that join lignin. Thus, as diverse bonds have been
found to form lignin, diverse pathways for lignin breakdown have also been reported, where the
β-ketoadipate pathway has been considered the most usual one [54,65,66]. Diverse enzymatic
pathways regarding the main interunits that comprise lignin can be found elsewhere [65,69].

As a summary for the pretreatment section, the main pretreatment methods with
remarkable characteristics and a description of their advantages/disadvantages have been
included in Table 5.

Table 5. Comparison of the different pretreatment methods used for lignocellulosic degradation
methods. Good or bad performance regarding cost, toxic byproduct formation and applicability are
marked by Xand ×, respectively [61].

Pretreatment Cost Toxic Byproduct Applicable to a Wide
Range of Biomass Remarks

Acid pretreatment X × X Inhibitors limited by dilute acid use
Freezing X X × Freezing/thawing cycles
Milling X X X Used for bioethanol and biogas production

Liquid hot water X X × High water and energy inputs
Organic solvent

(Organosolv) × × X Low boiling point of the solvent. Solvent
recycling is required

Oxidation × X X High cost of ozone generation. Ozone handling
is required

Steam explosion × × X High cost of steam generation
Extrusion X X X Hydrolysis efficiency is improved

Wet oxidation × X × Less water use as no washing is required
CO2 explosion × X X High cost for pressure maintenance

Microwave irradiation × X X More effective than conventional heating
Ultrasound × X X Low temperature and time required

Ammonium fibre
expansion × X X Less effective for biomass with high lignin

contents

Ionic liquid × X X Stability and reuse. Instability may cause
contamination

Biological pretreatment X X X Increases delignification. Able to reduce
polymerisation

Hydrothermal
liquefaction × X X

Lignocellulosic materials are depolymerised
into bio-oil, biogas, biochar and water-soluble

compounds

3. Lignocellulosic Materials for the Production of Biofuels, Biochemicals
and Biomaterials

As previously mentioned, the great availability of a wide range of biopolymers and
renewable characteristics has propelled the research into biofuels, biochemicals and bio-
materials based on lignocellulosic components [70]. As an overview of this section, the
different procedures, products and fields of application of lignocellulose-based biofuels,
biochemicals and biomaterials are outlined in Scheme 2.
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Scheme 2. Main procedures, products and fields of application of biofuels, biochemicals and bioma-
terials derived from lignocellulose.

3.1. Biofuels

Compared to petroleum-based fuels, biofuels possess advantages such as renewability,
sustainability, availability, biodegradability, safety, neutral greenhouse effects and negligible
SOx and reduced NOx gas emissions [71]. Lignocellulose represents the only sustainable,
low-cost and scalable eco-friendly option for industrial fuel production [72]. Furthermore,
it also represents a great opportunity for increasing the domestic energy production in
those countries with large biomass supplies and/or land availability to produce energy
crops [73]. The main drawback is found in lignin degradation, as it is considered the more
energy-consuming step of the production process, due to the resilience of this biopolymer.
Moreover, the cellulose efficiency, enzymatic and biomass costs and composition are other
parallel parameters that critically affect the development of suitable technologies [72–74].
Furthermore, the obtaining of high-quality biofuels faces other problems, such as many of
the most effective solvents for biomass pretreatment being simultaneously incompatible
with enzymatic development, whereas those microbes with the highest yields in biofuel
production do not often use the sugars present in hydrolysates as substrates [73]. Therefore,
as mentioned before and widely discussed, massive attention has been paid to suitable
pretreatments for advanced purposes.

Lately, effort has been focused on genome editing technologies as a powerful tool
for understanding and developing an integrated system to produce fuels in fast and
lower-energy-consuming processes [73]. Thus, some of the inhibitory compounds usually
produced in natural plants, such as ferulic acid, can be substantially reduced by genomic
editing; nonetheless, negative effects on crop yields, costs and environmental impacts
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can likewise take place. Another approach that has been substantially developed is the
preferential growth of cellulose in detriment of hemicellulose and lignin, as most industrial
microbes generally take advantage of hexoses instead of pentoses for biofuel production.
Lignin content reduction and composition homogenisation have also been targeted, the
latter allowing less complex product mixtures to be generated, thus higher-value molecules
are obtained. On the other hand, other strategies have been based on the incorporation
of unusual monomers, which potentiates chain elongation or the incorporation of inter-
changeable linkages, resulting, once more, in higher saccharification yields [73].

Nevertheless, the use of lignocellulosic biomass as biofuel competes with the use as
food supply. Hence, a step further can be taken when residual lignocellulosic biomass is
considered, as it can be transformed into what is called advanced biofuels, i.e., biofuels
which significantly reduce greenhouse emissions simultaneously with the preservation of
the common use of landfills, and therefore do not compete with food or feed commerce [70].
In this sense, deep research and many industrial projects which range from aerospace
to common fuels, biogas, bioethanol or biodiesel have been accomplished or are being
carried out currently [70,72]. In order to obtain those products, three different routes have
been targeted, i.e., thermochemical, biochemical and hybrid conversion. An overview of
these alternatives can be found elsewhere [70]. Therefore, the action of microorganisms is
once again taking the lead as a renewable and environmentally friendly pathway for the
conversion of biowaste into biofuels [75].

The thermomechanical route includes a variety of thermal treatments, from relatively
low severity to strong processes where high temperatures are applied. Hence, torrefaction,
pyrolysis, hydrothermal liquefaction and gasification are found among them.

The biochemical route relies on the enzymatic digestion of the different biopolymers
that comprise lignin, which has been thoroughly described in previous sections, by either
fungi or bacteria. Biomass digestion can lead to the production of small sugars, which can
be directly used as fuel. However, a suitable separation process is generally needed as a
consequence of the huge variety of products involved in lignocellulosic degradation. In
addition, by following the biological route, certain compounds that cannot be obtained by
chemical routes are produced, opening new areas for advanced biofuels [73].

Often, the products from biochemical routes are further converted by catalytic or thermo-
mechanical processes into higher-added-value fuels. Thus, the hybrid route is accomplished.

The main biofuels that have been studied up to date are summarised in Table 6,
including the energy that could be obtained from them. More specific details about raw
materials, final characteristics and conversion routes can be seen in the indicated references.

Table 6. Main biofuels, the associated energy and corresponding processing routes reported in
the literature.

Biofuel Lower Heating Value References

Biodiesel 32.6 MJ/L [76]
Bioethanol 21.2 MJ/L [76,77]
Biocrude 35.0 MJ/kg [76]

Bio-oil 40 MJ/kg [76,78]
Biogas 13–17 MJ/m3 [71,79]

Biohydrogen 13 MJ/m3 [71,79]
Biobutanol 27.8 MJ/L [80]

3.2. Biochemicals

As a consequence of the great variety of monomeric units and linkages that comprise
the three biopolymers, the range of biochemicals that can be obtained from them constitutes
an even wider range. These biochemicals critically depend on the original biopolymer,
i.e., lignin generally provides outstanding aromatic-based compounds, whereas sugars
resulting from the hydrolysis of cellulose and hemicellulose may produce valuable six- and
five-carbon-derived products [81]. In addition, the biochemicals obtained are dependent
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on the processing protocol; therefore, multiple biological and chemical processes, as well as
combinations of both, have been studied in order to formulate different chemicals. Special
attention is being paid to the bioengineering of these microorganisms; thus, more specific
compounds can be targeted. More detailed information about this topic can be found
elsewhere [82].

In the case of cellulose and hemicellulose, many different products can be obtained [82,83].
Werpy and Petersen [84] analysed more than 50 compounds, from which they found glycerol,
acetic acid, levulinic acid, 3-hydroxybutyrolactone, glutamic acid, malic acid, itaconic acid,
aspartic acid, oxalic acid, 3-hydroxy propionic acid, succinic acid, fumaric acid, 2,5-furan di-
carboxylic acid, glucaric acid, sorbitol and xylitol/arabinitol to be among the more interesting
ones. Most of them can also act as building blocks for the development of fine chemicals and
derived compounds. Table 7 depicts the main processes to obtain those species, together with
the main derived products that can be obtained from them.

Table 7. Main building blocks and their derivatives obtained from cellulose and hemicellulose [84].

Compound Production Derived Products

Succinic, fumaric and malic acid Biofermentation
Tetrahydrofuran (THF), 1,4-butanediol,

2-pyrrolidone, o-butyrolactone,
N-methyl-2-pyrrolidone (NMP)

2,5-Furan dicarboxylic acid Chemical (oxidative dehydration of
glucose) and biological

(2,5-Bis(aminomethyl)-tetrahydrofuran,
2,5-dihydroxymethyl-tetrahydrofuran,

2,5-dihydroxymethyl-furan
3-Hydroxy propionic acid Biofermentation 1,3-Propanediol, acrylic acid, acrylamide

Aspartic acid Chemical and biological pathways
2-Amino-1,4-butanediol, aspartic

anhydride, 3-aminotetrahydrofuran,
amino-γ-butyrolactone

Glucaric acid Chemical (starch oxidation by nitric acid
or bleach)

Glucaro-γ-lactone,
polyhydroxypolyamides,

glucarodilactone, glucaro-δ-lactone

Glutamic acid Biofermentation Glutaminol, glutaric acid, norvoline,
1,5-pentandiol, 5-amino-1-butanol

Itaconic acid Chemical and biofermentation 3-Methylpyrrolidine, 3- & 4-methyl NMP,
3-methyl THF, 2-methyl-1,4-butanediol.

Levulinic acid Chemical (acid decomposition of
six-carbon sugars)

Diphenolic acid, 2-methyl-THF,
b-acetylacrylic acid, 1,4-pentanediol

3-Hydroxybutyrolactone Chemical (oxidative degradation of
starch)

3-Hydroxytetrahydrofuran,
3-aminotetrahydrofuran, acrylate-lactone

Glycerol Transesterification (via chemical or
biological pathways)

Glyceric acid, 1,3-propanediol, propylene
glycol

Sorbitol Chemical (glucose hydrogenation) Isosorbide, propylene glycol, ethylene
glycol, 1,4-sorbitan

Xylitol/arabinitol Chemical (hydrogenation of xylose and
arabinose) and biological

Xylaric acid, propylene glycol, ethylene
glycol, lactic acid

Other important cellulose- and hemicellulose-derived products are 5-hydroxymethyl
furfural and furfural, which have been reported as being obtained by hydrothermal carbon-
isation of those biopolymers, respectively. Both derived furans can also be precursors of
many other chemicals, biofuels and pharmaceutical and agrochemical products [81,83,85].

A detailed summary including the different chemical structures of both precursors
and final products can be found elsewhere [83].

Regarding lignin, as mentioned above, a vast range of aromatic-based chemicals
can also be obtained by its decomposition and transformation. However, the success of
the suitable formation of chemicals from lignin relies on several main aspects, i.e., lignin
fractionation from raw biomass, proper degradation, depolymerisation, transformation into
high-value-added compounds and further separation. Depending on depolymerisation
conditions, diverse products can be obtained, as shown in Table 8.
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Table 8. Main procedures from lignin depolymerisation along with main products obtained.

Depolymerisation Procedures Products Refs

Non-reductive
depolymerisation

Thermal, hydrothermal,
oxidative, acid and base

catalysed, solvolytic

Vanillin, syringaldehyde, acetosyringone,
guaiacylacetone, p-hydroxylated phenol

acetovanillone, syringol, guaiacol, phenol,
catechol, alkylcatechols, creosol,

p-hydroxybenzaldehyde, vanillic,
protocatechuic, syringic, homovanillic and
p-hydroxybenzoic acid, aliphatic carboxylic

acids (succinic, acetic and formic acid)

[81,86]

Reductive depolymerisation Hydroprocessing, liquid
phase reforming

Cresol, xylenol, phenol with long alkyl
chains, p-substituted methoxyphenols, [86]

The different processes do not only lead to the formation of different species but also
the monomer yields depend on the procedure characteristics [86].

Similar to cellulose and hemicellulose, several of the compounds obtained can be
considered end products, while many others can likewise act as building blocks for possible
upgraded compounds [83,86].

3.3. Biomaterials

Due to the extensive variety of molecular species obtained from lignocellulosic degra-
dation, the possibilities of derived biomaterials are massive. Werpy and Petersen [84]
included in their work an exhaustive review of the biomass components, their primary
degradation products, main intermediates and a brief description of derived bioproducts
and uses. Hence, lignocellulose derivatives may play a significant role in areas such as
general industry, transportation, textiles, packaging and other food vessels, environment,
plastic replacers, stationery, house and leisure items, health and hygiene.

However, those biomaterials that make use of the interesting biopolymer network
characteristics without further fractionation into derived products are not included among
those uses; thus, they will be discussed separately. When considering lignocellulose,
frequently research has taken advantage of lignin, cellulose and hemicellulose biopolymers
separately; however, the whole biomass has also been considered.

3.3.1. Lignocellulose-Derived Biomaterials

There is an immense range of biosource applications currently, boosted by research
possibilities, variety and exceptional properties. Some of them will be discussed further on
in this section; nonetheless, a detailed revision of many of these applications is beyond the
scope of this work.

As an example, for wheat and barley straw, advanced biomaterials for construction
materials, phycoremediation of wastewater, cement properties enhancer and fibres in
concrete were reported [87–92]. Straws and stalks from other sources were also focused
on for board production, being potentially suitable for beaverboard, packing materials,
one-use tableware or seeding devices [93,94]. Graphitised lignocellulose extracted from
bamboo has also been used lately for electromagnetic wave absorbers [95].

One of the main applications that have been developed is the use of biomass as an
adsorbent. In this sense, Rocha et al. [96] studied the adsorption of metal ions such as
Cu(II), Zn(II), Hg(II) and Cd(II) on rice-straw-derived solutions. By the formation of biochar
from rice straw, other metal ions such as Pb and Zn can also be adsorbed [97], as well as
nitrogen and phosphorous [98]. Abdel-Aal et al. [99] reported the ability of rice straw in
the treatment of wastewater including several commercial dyes instead. Likewise, banana
peel- and palm-flower-waste-based derived products were also able to remove methylene
blue and malachite green dyes from polluted solutions [100,101]. Other studies obtained
proper adsorbents from residual products such as orange peel and sugarcane bagasse [102].
A detailed review of this matter has been recently published [103].
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On the other hand, electrocatalytic activity was also studied on biomass-derived
materials. Thus, Castro-Gutiérrez et al. [104] produced tannin-derived carbon materials,
while Liu et al. [105] created soybean straw-based Fe-N co-doped porous carbons, both
exhibiting excellent properties in electrochemical applications. Ma et al. [106] demonstrated
that cornstalks and pomelos skins efficiently act as carbon sources for the construction of
cathode catalysts for microbial fuel cells. Another biosource, watermelon, was used by
Wu et al. [107] to create hydrogels and aerogels with electrochemical applications. Other
biomass sources suitable for electrochemical applications are sawdust or grasses [108].

Composites containing residual lignocellulosic biosources have also been targeted.
In those, lignocellulose acts as a reinforcing filler and avoids problems such as lack of
flexibility or respiratory illnesses [109]. Bugatti et al. [110] showed how tomato peels
could form proper composites with halloysite nanotubes for packaging applications.
Ita-Nagy et al. [111] demonstrated that sugarcane bagasse fibres also properly reinforce
composite structure. Pinhao and pecan nutshells were also used for reinforced compos-
ites preparation. The pinhao-nutshell-based composite exhibited lower water absorption
capacity than the petcan-based one, based on the enhanced hydrophobic character of the
pinhao-based composite [112]. Fibres from tropical maize and sweet sorghum bagasse were
also studied as composite additives [113].

The use of biomass as catalysts or catalyst supports has also been deeply studied, as is
the case for soybean and other biomass with high protein content [114].

In textile, bamboo fibres can provide comfortability, good dyeing and appealing
characteristics. Hemp can also be utilised for textile application, as well as for making sacks
and ropes, degumming, etc. [115].

In food, tomato peels have acted as an enhancer for colour and antioxidant properties
for yoghurts [116], whereas tomato peel fibres have demonstrated the ability to produce a
suitable network for edible gels, with enhanced stability and texture [117].

A singular case can be considered when lignocellulosic biomass acts as a hydrogel
precursor, which has led to interesting applications being found in fields such as film
formation, high-strength filaments, tissue engineering, among many others [118].

Nonetheless, the number of applications and studies is boosted when the different
lignocellulosic biopolymers are considered separately. In the following sections, cellulose-,
hemicellulose- and lignin-derived biomaterials have been examined.

3.3.2. Cellulose-Derived Biomaterials

The singular structure of cellulose, together with its possibilities of being modified by
chemical reactions or converted into alkyl-derived or nanosystems, has made a great range
of biomaterials available currently from this biopolymer.

The high number of hydroxyl groups present in cellulose has attracted research atten-
tion to the formation of cellulose-based hydrogels. Even though the cellulose ability to be
dissolved in water is limited, the development of many suitable solvents has caused hydro-
gels with stunning properties to be obtained, with applications such as food packaging,
smart swelling, controlled delivery and biomedical applications [119–121].

The well-known ability of some bacteria to produce cellulose (bacterial cellulose)
has also been leveraged for the performance of hydrogels. In general, good tensile and
compressive properties are shown, together with high water-absorption capacity, crys-
tallinity and biocompatibility, which have caused bacterial-cellulose-based hydrogels to be
focused on bio-applications such as dental and meniscus implants, or tissue engineering
scaffolds [119].

Hydrogels from alkyl-cellulose-derived products have also been analysed, such as
hydroxypropyl-, hydroxypropylmethyl-, carboxymethyl- or methyl-cellulose. The alkyl-
derived chains introduce regions where physical crosslinking may be dampened; thus,
chemical crosslinking has frequently been targeted, which has provided hydrogels with
new characteristics, for instance, pH dependence in sorption capacity. These hydrogels
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have been shown to be valuable in water body elimination through the absorption of water
in the stomach [122], dye elimination [123], food and drugs [119].

Nonetheless, the capacities of cellulose-based hydrogels can be further boosted by
the combination of other synthetic or natural polymers. Hence, heavy metal elimination
or food and tissue engineering applications have been targeted by the combination with
chitosan, starch or alginate, respectively [119].

On the other hand, inorganic materials have also been added to the cellulose-based
hydrogel structures, with applications in fields such as electricity, magnetics, optics and
biology. A summarised insight on the potential applications of cellulose-based hydrogels
can be found elsewhere [118].

However, not only hydrogels have been reported as being developed from cellulose.
Aerogels, usually obtained by freeze-drying of hydrogels or supercritical drying with CO2,
have also been produced. In the same way as with hydrogels, cellulose, bacterial cellulose
and many derived systems (from alkylated compounds to nanosystems) have been reported
to produce aerogels, affecting both the synthesis process and final properties [124].

Aerogels possess characteristics such as very low density (up to 0.5 mg/mL), high
specific surface area (up to 975 m2/g) and highly porous structures (up to 99.9% poros-
ity), while keeping good mechanical characteristics, which have propelled their use in
applications such as shock absorbers, acoustic and thermal insulation, oil absorption,
biomedical devices and implants, conductivity enhancers or carriers of metal nanoparticles
and oxides [124–126].

On the other hand, by the combination with oily systems, oleogels have also been
prepared. Once more, prepared through the use of cellulose and cellulose-derived materials,
a vast range of products has been documented. In the food industry, it is ethyl cellulose
which has attracted the most attention due to its appealing thickening properties, though
pristine cellulose, methylcellulose and hydroxypropyl methylcellulose have also been
studied [127]. Nonetheless, the rheology-modifier characteristics have been leveraged for
its use in a wider range of applications such as binders, films, adhesives, lubricating greases
and hot blends [128,129].

The case of lubricating greases remains especially appealing, as, regardless of the
extensive work found in literature, the industry continues to employ almost entirely
petroleum-based products and uses lithium- and other metal-based soaps as thicken-
ing agents. Hence, studies that explore the use of cellulose pulp as a thickener can be
found [130–132], but also pristine cellulose [133,134] and cellulose derivatives [133–135].
A wide range of these systems has been demonstrated to impart suitable rheological and
excellent tribological properties, along with appropriate mechanical stability comparable to
lithium-based lubricating grease benchmarks.

As already introduced in this section, the formation of nanostructures from cellulose
is also a very appealing approach for the development of potential systems with a broad
range of applications. By the formation of nanofibres, excellent properties of water-based
hydrogels have been shown, as only a very low concentration is needed in order to obtain
good rheological properties. Furthermore, the formation of films and nanocomposites has
also been extensively reported. Thus, applications such as reinforcing agent for paper,
greaseproof paper, thermosetting resins, strengthened composites, obesity-precautionary
thickener, suspension stabiliser, sanitary products, wound dressing, coatings, etc. can be
found [136,137].

The formation of cellulose nanocrystals has also been extensively studied, with the
majority of applications based on the formation of composites. Nonetheless, the suspen-
sions containing these cellulose nanocrystals have shown nematic chirality, which boosts
their applications in fields such as NMR spectroscopy and optical taggants [136,138].

In addition, not only mechanical and chemical processes have been documented to
successfully produce cellulose nanostructures. Instead, some bacteria have also exhibited
the possibility of directly obtaining cellulose nanostructures with the only presence of
hydroxyl moieties as functional groups. The high yield for a biological process (up to 40%)
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and unique structure have propelled its use in fields such as regenerative medicine, wound
healing, implants, membranes, films and barrier layers [136].

3.3.3. Hemicellulose-Derived Biomaterials

Even though hemicellulose does not possess the significance and properties of cellulose
and cellulose derivatives, there are also many studies that take advantage of hemicellulose
structure to produce interesting biomaterials. Due to the fact that hemicellulose is not
formed by a single type of biopolymer, the possibilities are again raised. The main target of
hemicellulose-based biomaterials has been based on the production of antioxidant agents,
hydrogels and films for uses such as coatings, packaging or biomedicine; nonetheless, some
other less common uses have also been studied.

Hydrogels have been mainly centred on drug delivery [139–141], tissue engineering
and environmental protection, and have demonstrated pH, ionic strength, media com-
position and organic-solvent-dependent behaviour. Thus, the removal of heavy metals
such as Ni (II), Cu(II), Pb (II), Cd(II), Pd(II) and Zn(II) or sulfadimidine has been success-
fully achieved by these hydrogels [142–144]. On the contrary, good adhesion in tissues
like liver has also been documented, in which they may play a good replacement role
in detriment to more expensive and less available tissue and organ transplants [145]. In
drug delivery, xylan- and galactomannan-based microcapsules have been shown to be
excellent colon-specific carriers [140,146,147], while xyloglucan mucoadhesive and surface
tailoring properties have led to the development of many specific studies [141]. Galac-
tomannans have also been shown to be useful for drug delivery by the formation of an
aerogel structure [148].

Hemicellulose-based films were also produced, whose significance is based on their
outstanding properties against oxygen permeability, thus conforming to a great replacement
for oxygen-sensitive food packaging. Xylan, arabinoxylan, glucomannan and galactoglu-
comannan, alone, modified or by combination with other biopolymers, are some of the
biopolymers from hemicellulose which have shown suitable properties for film produc-
tion [143,149,150].

The same oxygen permeability provides hemicellulose with interesting antioxidant and
antimoisture properties, which make them good replacements as coatings for food packaging.

Between the less common uses, there is still a vast range to be found. Peng et al. [151]
demonstrated that hemicellulose acts as a stabiliser for the formation of silver nanoparticles.
Jiang et al. [152], instead, used hemicellulose for the synthesis of quantum dots to detect
Ag(I) and L-Cysteyne in aqueous solutions. Farhat et al. [153] were able to produce hemicel-
lulose from bleached hardwood pulp and switchgrass, which, crosslinked with zirconium,
exhibited excellent adhesive properties. Xylan has been analysed by Ebringerova [154],
who evaluated other potential applications such as textile printing, antimicrobial additive,
plant growth regulator, inmunoenhancing supplement, additives and thickening agent in
food. On the other hand, xyloglucan has also been reported as a texture enhancer, binder,
dye absorption, emulsion stabilizer, syneresis control and food additive [155]. Some of
these applications are shared by galactomannan-derived products, which have been shown
to act as binders, texture modifiers, emulsifiers, lubricators or stabilisers, mainly in the food
industry [156]. Galactoglucomannan has also been studied as a food additive because of its
prebiotic properties [157].

3.3.4. Lignin-Derived Biomaterials

The unique characteristics of lignin have propelled both research and industry to focus
on this biosource acting as an additive for a wide range of polymers, such as polypropylene,
polystyrene, polyethylene, polyamide, PVC, poly(vinyl alcohol), among other bio and
synthetic polymers [158]. Thus, thermal and UV stabiliser, flame-retardant, reinforcing
filler, plasticiser, lubricant, colour-adding pigment and antioxidant are among the most
significant properties that lignin incorporation can enhance or modify [159], producing
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interesting biomaterials that can be applied in fields such as thermoplastic, thermoset,
bioplastic and rubber composites, aerogels, carbon fibres and foams [158].

For instance, lignin addition in polyethylene and polystyrene matrices up to 20% has
been shown not to modify processability whilst significantly improving resistance against
photodegradation [160]. In another study, Mishra et al. [161] demonstrated that lignin
provides stronger resistance to UV in PVC films acting as UV absorber. Yang et al. [162] also
showed that poly(methyl methacrylate) thermal and mechanical properties are enhanced
by the lignin addition against UV light. Therefore, applications in fields such as automotive,
acrylic glasses, vehicles and lenses have been targeted. On the other hand, different lignin
fraction response to UV light as a function of the solvent utilised has also been studied,
showing UV resistance to be dependent on the lignin extraction method [163,164]. In
Sheng et al. [164], the phenolic hydroxyl group content of several residual lignins turned
out to be crucial to their performance as antioxidants.

Thermal resistance is frequently another weak point in conventional polymers and
composites; thus, lignin addition as enhancer of the heat resistance has been a deeply
studied topic. Canetti et al. [165] demonstrated that lignin addition from 5 to 10% in
polypropylene blends successfully improves the thermal resistance. Working on natural
rubber modification, Gregorová et al. [166] showed that the lignin addition also increased
the thermo-oxidative long-term resistance. On the contrary, Tavares et al. [167] reported
that a simple 1% lignin addition reinforces the poly(butylene adipate-co-terephthalate)
matrix. On the other hand, Lisperguer et al. [168] demonstrated that lignin addition to
recycled polystyrene could provide similar characteristics to the native polymer. Such is
the interest in the improvement of the thermal properties by lignin addition of blends,
composites and copolymers that Sen et al. [169] wrote an extensive review where lignin
modification by different processes and the thermal response of the products obtained
were evaluated.

Flame prevention is another powerful characteristic that lignin can provide to a bio-
material. Thus, De Chirico et al. [170] worked with lignin and various derivatives, which
were able to provide the polypropylene matrix with enhanced combustion time and char
yields and reduced both heat liberation and mass loss rate while saving mechanical proper-
ties. The flame retardant properties of polylactic-acid-based biopolymers were likewise
improved by the use of lignin nanoparticles functionalised with diethyl (2-(triethoxysilyl)
ethyl) phosphonate [171]. Another renewable polymer, polybutylene succinate, was also
successfully treated with nitrogen-and-phosphorous-doped lignin systems, improving
both heat release rate and total heat release in around 30%, properties that could lead this
biopolymer to be applied in wider fields [172]. Recently, some reviews concerning the
flame retardant possibilities of lignin and its derivatives, as well as their future prospects,
have been reported [173,174].

Lignin acting as reinforcing filler has also been extensively documented. Therefore,
Ikeda et al. [175] showed that lignin potentially improves tensile stress and storage moduli
of natural rubber, while reducing the dissipative loss. The tensile and flexural modulus of
polylatic acid, poly(3-hydroxybutyrate) and thermoplastic elastomers after lignin addition
were also raised [176]. Mechanical properties were also generally improved when lignin
nanoparticle-poly (diallyldimethylammonium chloride) complexes were added to natural
rubber [177]. In a study developed by Rozman et al. [178], coconut fibre and polypropylene
were mixed using lignin as compatibiliser. The mixtures exhibited better flexural properties
when lignin was included. On the other hand, Tanjung et al. [179] demonstrated that lignin
addition to polypropylene/chitosan composites successfully increased tensile strength,
elongation at break, Young’s modulus and impact strength. Extensive reports have been
documented regarding lignin acting as filler for bioplastics, thermoplastic and thermoset
composites [158]. Regarding bioplastics, Yang et al. [180] revised the most recent literature
in lignin-reinforced bioplastics made of cellulose, protein, starch, polylatic acid and poly-
hydroxybutyrate. Recently, an extensive review aiming to compile the latest advances in
lignin-reinforcing properties in the rubber industry has also been published [181].

230



Polymers 2022, 14, 881

As mentioned above, lignin can likewise act as plasticiser, which has been achieved
frequently through structural modifications. Therefore, lignosulfonate has been used as the
usual plasticiser for concrete. Through other modifications like alkylation, the plasticising
effect of lignin has also been achieved [169]. Working with PVC and different molecular
weight lignin fractions, those with the lowest ones were reported to act as plasticisers by
Yue et al. [182]. On the other hand, a novel process consisting of an alkali-O2 oxidation tech-
nology for lignin revalorisation has recently been addressed for plasticisation, (LigniOx),
which was included in the annual report of the top 20 innovative bio-based products form
the European Commission [183]. Moreover, by further modifications, superplasticisers
have been targeted, which could replicate the performance of well-known commercial
naphthalene plasticisers [184].

The presence of hydroxyl groups in lignin has provided it with the possibility of
establishing H-bonds, which has been leveraged for its use as an additive for lubricants.
Hereby, lignin has been added to many different base oils, in which the H-bonds formed
have proved to generally decrease both wear and friction. Mu et al. [185] developed fully
bio-based lubricants by utilising lignin and ionic liquids, demonstrating outstanding tribo-
logical and anticorrosive properties on both aluminium and iron surfaces. Working with
polyethylene glycol as the base oil in a more recent study, Mu et al. [186] compared lignins
from different origins and extraction processes as additives, highlighting hydrogen bonding
and molecular weight as crucial factors on thermal and lubricating properties. Up to 93.8%
wear reduction was reported by the lignin incorporation. In another study, Hua et al. [187]
created lignin-based green lubricants with excellent properties in diamond-like carbon-steel
contact compared to commercial lubricants, showing lignin-based lubricants to be useful
on surfaces with different characteristics. Cortés-Triviño et al. [188] tested a lignin-enriched
residue coming from sugarcane bioethanol production to further valorise it by mixing with
castor oil epoxidised at different degrees, showing the possibility to tune the rheological
and lubricant properties thereof of the mentioned mixtures. The production of nanofibres
from lignin by using the electrospinning technique has likewise permitted the use of these
materials as oil structuring [189]. In addition, not only liquid lubricants but also semi-solid
ones, i.e., lubricating greases, have been developed by using lignin [190,191].

Even though lignin is almost colourless in wood, its separation from cellulose and hemi-
cellulose finally turns it into a dark brown colour. For this reason, Balasubramanian et al. [192]
used lignin as brown pigment and tested it in leather, where, apart from dyeing the sur-
face properly, it exhibited compatibilisation with common products for leather finishing.
On the other hand, Araújo et al. [193] used lignin nanoparticles to encapsulate blue pig-
ments, which increased both solubilisation and stabilisation, making them more suitable for
industrial applications.

Within lignin roles in plants resides the antioxidant capacity as a consequence of
its aromatic structure, which has likewise been used for the incorporation of antioxidant
properties in biomaterials production, with applications in cosmetics, healthcare, agricul-
tural products and pharmaceuticals [194,195]. Once more, the varied lignin characteristics
depending on both the origin and extraction method have allowed adjustable antioxidant
properties to be obtained [194,196,197]. For instance, Li et al. [198] used different solvents
(ether, ethyl acetate, methanol, acetone and dioxane/water) in order to study the antiox-
idant properties of the different fractions obtained. The results showed that the higher
the dissolving ability of the chemicals, the lower the antioxidant capacity of the resulting
lignin fraction. Instead, Ma et al. [199] investigated the antioxidant activity as a function of
pH in the lignin extraction method. High pHs led to low lignin content and low phenolic
content, which exhibited low antioxidant activity. On the contrary, low pHs turned into
lower molecular weight lignin fractions with high phenolic hydroxyl content, showing
excellent antioxidant properties and highlighting the crucial effect of both molecular weight
and phenolic hydroxyl group content in antioxidant properties.

Industrially, lignin has been used as a dispersant, binder or chelator, as a substitute
of phenolics powder resins, in polyurethane foams and epoxy resins or as biodispersant,
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among others. Thus, some North American companies have implemented lignin addition
in products such as automotive brake pads and moulds and oriented strand boards. The
company Bioconsult Gesellschaft fuer Biotechnologie GmbH has developed a lignin-based
system able to control the microbial growth in industrial wastewater ambits [200]. The
company Nippon Paper Group has released diverse lignin-based biomaterials, SAN X®,
VANILLEX®, PEARLLEX®, which can act as mentioned above according to their charac-
teristics [201]. More concretely, the company TECNARO has been able to use lignin in
thermoplastics with applications in fields such as jewellery, construction, musical instru-
ments, electronics, furniture, etc. The Prisma Renewable Composites Company developed
a system named evolUTIATM, able to create lignins with similar characteristics from differ-
ent plant sources, which has let them use lignin in biomaterials such as plastics, elastomers
and carbon fibres. Their first product is BioLANTM, which has been declared as a substitute
for ABS with enhanced mechanical and UV-resistant properties.

4. Lignocellulose-Based Polyurethanes

Due to the ubiquitous production, environmentally friendly character and interest-
ing properties of either lignocellulosic sources as a whole or sources separated into their
main components, extensive research has been devoted to the formation of polyurethanes
based on lignocellulosic materials [202]. For instance, the addition of wheat straw in
polyethylene-glycol-based PU foams was shown to provide both better thermal resistance
and compressive strength compared to those systems only based on polyethylene glycol.
Moreover, biodegradability was likewise enhanced [203]. Wheat straw was once more
used in combination with castor oil to produce suitable PU coatings for controlled-release
fertiliser. Apart from the great controlled-release characteristics, the PUs exhibited good
degradability and high density [204]. On the other hand, barley-straw-derived foams for
insulation were also produced, which demonstrated water intakes up to 986% after 48
h, better than those obtained with synthetic PUs [205]. PU foams were also considered
by Ertas et al. [206] but were obtained from Eucalyptus camaldulensis and Pinus sylvestris
instead. Other biosources considered for the production of rigid foams were cotton stalk,
pine bark and apricot stone [207,208]. Moreover, polyurethane films were successfully
elaborated by employing lignocellulose materials such as wheat starch by the reaction with
isophorone diisocyanate, which exhibit suitable mechanical properties to replace petro-
chemical substitutes [209]. Nonetheless, the range of available PU for different applications
has been greatly expanded by the use of cellulose, hemicellulose and lignin separately.

4.1. Cellulose-Based Polyurethanes

Cellulose-based polyurethanes have been produced by either taking advantage of the
biopolymer structure and hydroxyl functional groups or by the cleavage and modification
of the structure in order to obtain intermediate products for PU formation. The last one
is the case, for instance, for isosorbide and 2,3-butanediol. Both derived from glucose,
Calvo-Correas et al. [210] demonstrated they can act as copolymers in PU synthesis for
film formulations, which can compete with non-renewable ones. On the other hand,
Wei et al. [211] elaborated a synthetic route to produce adipic acid from cellulose, from
which Nylon 66 or PUs can be obtained. Another approach was the transformation of
cellulose into what is called cellulose-based ionic liquids. These systems were transformed
into PUs from which excellent membranes were produced, able to adequately separate
CO2/CH4 from natural gas sidestreams [212].

Cellulose has been frequently employed as Pickering emulsifying agent, from which
porous monoliths can be formed. However, poor mechanical properties have been generally
observed. Nonetheless, by the chemical interaction with diisocyanates, proper robustness
can be obtained. Moreover, the system provides suitable and fast absorption capacity and
tunable wettability from hydrophilicity/oleophilicity to hydrophobicity/oleophilicity [213].
Cellulose has also been used as grafting copolymer, which has led to interesting shape-
memory products for smart applications [214]. Cellulose from industrial furniture waste
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has also been tested to absorb dye within a PU foam matrix. For the three dyes utilised,
Methylene blue, Procion yellow and Procion red, the kinetic studies suggested a pseudo-
second-order absorption model. The maximum removal values were around 70, 90 and
80 wt.%, respectively [215].

Using cellulose fibres, the reinforcement of polyurethane composites has been tar-
geted [216,217]. Hadjad et al. [218] incorporated up to 30 wt.% of cellulose fibres and
studied the conductivity and capacitance alterations of the composites. Up to 10 wt.%
concentration, the main electrical characteristics were unaffected. However, cellulose can
also be used as a chain extender due to the high molecular weight usually reported; thus,
Ikhwan et al. [219] developed cellulose fibres and polyethylene-glycol-based PUs, whose
relative concentration demonstrated a strong influence on thermal properties. In order to
provide PU composites with superior performance, nanofibres have been utilised. The
use of nanofibres has provided a fast response (less than 1 min) in shape recovery, which
propels the potential use of these nanocomposites for biomedical applications [220]. The
improvement of properties by using cellulose nanofibers was also observed for flame
retardant applications. Therefore, by assembling with anionic vermiculite, outstanding
transparency, resistance to oxygen pass and record fire resistance characteristics have been
reported [221]. On the other hand, aerogels with excellent flame retardant properties were
also obtained by combination with hydroxyapatite [222].

Polyurethanes were also prepared by using bacterial cellulose. In Urbina et al. [223],
biocompatible PU nanocomposites were once more reinforced by bacterial cellulose in-
corporation, displaying outstanding shape memory and mechanical results. Nonetheless,
they could not be compared to the use of nanofibers, as 93% recovery took place in around
3 min.

The use of cellulose nanocrystals was also focused on for the reinforcement of PU
nanocomposites. An enhancement on both Young modulus and stress at break was usually
recorded [224,225].

4.2. Hemicellulose-Based Polyurethanes

In the same way as has been happening with its glucose-based homonym, research has
been devoted to the production of bio-PUs by following two pathways; using the complete
hemicellulose structure and derived constituents or dividing it into smaller units, which
can be further used as polyols. Hence, following the last approach, xylitol or furfural have
been obtained and applied for PU formation by liquefaction or oxypropilation [226]. Along
with xylitol, sorbitol was also produced by Robinson et al. [227]. On the other hand, Samavi
and Rakshit [228] utilised hemicellulose liquor to produce epoxidised microbial oil, which
could be further used as polyol in PU production. A summary of the main processes which
can lead to hemicellulose division into polyols has been explained elsewhere [229].

Taking advantage of the hemicellulose and derivatives structure instead, Cheng et al. [230]
reported the use of xylan to produce PUs with enhanced thermal stability. On the other hand,
arabinoxylan was used to achieve PU films with application in the packaging field [231],
or coatings by crosslinking with glutaraldehyde, which exhibited comparable properties
to polyvinyl alcohol, becoming a sustainable substitute [232]. Simultaneously, studies using
arabinogalactan have helped polyurethane scaffolds to improve cell attachment yields [233,234].
On the contrary, another hemicellulose-constituent biopolymer, galactomannan, has been
shown to provide PUs with excellent characteristics for drug release in specific body parts [235].
Nonetheless, the most used hemicellulose-derived biopolymer is glucomannan. Improving
mechanical performance, the use of glucomannan in composites and nanocomposites has
been thoroughly studied. Its combination with waterborne PUs has also provided excellent
mechanical performance and thermal properties due to the strong H-bonding between the
PU and glucomannan [236]. A summary of glucomannan-based products with their potential
applications and techniques used for characterisation is included herein below as Table 9.
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Table 9. Glucomannan-based materials, characterisation performed and future application prospects
in various fields [236].

Components Potential Applications

Chitosan/Konjac glucomannan (KGM) Membrane with superior dehydration
KGM/Chitosan Food industry, biomaterial matrix, biomedical material

KGM/Ethyl cellulose Films for food packaging
Glucomannan–Chitosan–Nisin Active packaging material

KGM/Gellan gum Food packaging material
KGM/Poly(acrylic acid) Specific drug delivery

KGM/Polyacrylamide/Sodium xanthate Hydrogels for drug delivery
KGM/poly(methacrylic acid) Specific drug delivery

KGM/Polyvinyl alcohol Pervaporation dehydration, food package film
KGM/Xanthan gum Gels for delivery systems, specific drug delivery

KGM/Alginate/Chitosan Controlled release
KGM/Carboxymethyl cellulose Emulsion stabiliser

KGM/Curdian Food films and coatings
KGM/Poly(aspartic acid) Carrier for drug delivery

KGM/Cellulose Separation
KGM/Whey protein Edible food films

KGM/Sodium alginate Food films
KGM/Gelatin Specific drug delivery
KGM/Starch Edible food films & coatings

KGM/Poly(diallydimethylammonium chloride) Antibacterial in biomedicine
KGM/xanthan gum Drug delivery

KGM-graft-Polyacrylamide-co-sodium xanthate Flocculant
KGM Coating

Furthermore, in a study elaborated by Shao et al. [237], no division but the whole
hemicellulose extracted from corncob was used to perform PU films. These were compared to
films that originated from cellulose, lignin and diverse mixes between the three biopolymers,
obtaining for the hemicellulose-based PU films the highest glass transition temperature.

4.3. Lignin-Based Polyurethanes

Similar to the previous biopolymers, both the lignin as a whole structure or derivatives
and small compounds obtained from it have successfully produced PUs. Thus, the pro-
duction of ferulic acid and cresol-based monomers from lignin yielded PUs with superior
thermal characteristics [238]. In the same way, vanillin-derived systems were also used as
polyols for PU formation [239].

Extensive research has been carried out regarding the use of lignin in polyurethane for-
mation due to the availability of hydroxyl groups, which makes it an interesting biopolyol
replacer. Moreover, both aromatic and aliphatic hydroxyl groups have been demonstrated
to react with diisocyanates [240]; however, some of these groups may be hindered due to
steric encumbrance based on the network ordering and self-association [241]. Generally,
lignin has been used alone or accompanied by other synthetic or natural polyols, while of-
ten it is first modified to enhance overall hydroxyl group value and aliphatic hydroxyl value
or improve access to them. In this sense, demethylation stands as a very useful technique,
through which lignin causes methyl groups to be replaced by hydrogen, finally obtaining
higher hydroxyl values. Another technique extensively used is hydroxyalkylation, which
introduces primary and secondary alcohols to the lignin network by combination with dif-
ferent compounds [241]. Another significant process that is intended to enhance hydroxyl
value is phenolation. Since diisocyanates also possess a great affinity to amine groups,
lignin amination and nitration have likewise been focused on [241–243]. Nonetheless, the
high molecular weight and structure stand for a too-high viscosity and difficulties with
reactivity; thus, depolymerisation is often targeted as well.

In any case, lignin can provide exceptional fire resistance, crosslink density, ultraviolet
stability, biodegradability, insulation, compression, antioxidant, thermal and reinforcing

234



Polymers 2022, 14, 881

properties to PUs [200,238,241,244,245], as well as high availability and low cost, the reason
why foams constitute one of the main formulations for lignin-based PUs, where it can act
either as a polyol or as a filler. The mechanical performance is usually improved as a conse-
quence of the more entangled generated systems [245]; however, lignin is also known to
increase stiffness, and therefore brittleness, due to the aromatic and low flexible structural
configuration, which has been usually reported for concentrations larger than 30 wt.% [241].
As a consequence, flexible chains like castor oil, butanediol and polypropylene oxide have
been proved valuable for improving this characteristic. Another approach followed has
been to depolymerise native lignin to reduce its molecular weight [244]. It is also worth
mentioning that different lignin-extraction procedures, origin, biomass source, etc. can
likewise lead to lignin with different properties, which extends to derived PUs [240,246,247].
Therefore, new pathways are always being studied, such as aldehyde-assisted fractionation,
which provides lignin with enhanced solubility, functionality and purity compared to the
well-extended Kraft process [248]. Despite the mentioned disadvantages, many authors
have proved that lignin-based foams act similarly or even better than those petroleum-
based ones [238,241]. However, the use of lignin in PUs is not limited to foams. Elastomers,
adhesives, coatings and more special products are also frequently targeted [241,245]. Re-
garding coating applications, Griffini et al. [249] utilised non-modified lignin to produce
suitable films with enhanced formation ability, adhesion on diverse substrates, tensile
properties and hydrophobic behaviour. Nonetheless, other properties like antioxidation,
gas impermeability and UV resistance have also been reported for lignin-PU-based coat-
ings [250]. Thus, Xie et al. [251] developed PUs by using different diisocyanates and Ag
nanoparticles, which showed excellent thermal and mechanical properties with very high
lignin content (more than 40%), while excellent antibacterial properties were provided by
the metal addition. On the other hand, Fuqiang and Xiangjiao [252] developed UV-cured
lignin PUs with improved hydrophobicity. In a more complex combination, Hu et al. [253]
utilised the combined benefits of carbon nanotubes, Fe3O4 nanoparticles and lignin to
develop PUs with excellent performance as electromagnetic shields. In general, weathering
performance was also improved by the lignin inclusion into the polymeric matrix [241].

To a lesser extent, lignin has also been used to produce composites that can act as tent
fabrics [254], potentiometric chemical sensors [255], chromatographic and chemoselective
membrane applications [256] and stereolithography 3D printing ink.

4.4. Lignocellulose-Based Polyurethane Adhesives

Since PU arrival, great effort has been made for the production of high-performance
PU-based adhesives. As can be observed within the landscape of adhesives established
by Burchardt [257], PUs plays a very significant role throughout the whole mechani-
cal/adhesion response spectra. Nonetheless, recent advances in political and environ-
mental restrictions are endangering the use of commercial PU adhesives since they are
usually formed by the combination of non-renewable polyols and harmful diisocyanates.
As already mentioned above, it is in the polyol substitution where biomass can play a
significant role; however, other techniques aiming to reach 100% bio-based adhesives are
also to be discussed in this section.

Once more, the crosslinking ability of lignocellulose biopolymers, low cost and renew-
able character have been leveraged in order to produce bio-based PU adhesives. Therefore,
liquefied products have demonstrated a great ability to develop a wide range of prod-
ucts [258]. Thus, the liquefaction of two plant species, China fir (Cunninghamia lanceolata)
and Taiwan acacia (Acacia confusa) was carried out to subsequently produce PU adhesives
by combining up to three types of poliisocyanates, i.e., Desmodur L (based on toluene di-
isocyanate and trimethylol propane), Desmodur N (based on hexamethylene diisocyanate)
and poly-4,4′-diphenylmethane diisocyanate. The study allowed one to conclude that
liquefied Taiwan acacia and Desmodur L exhibit the best adhesion performance [259].
Different sources, such as the Japanese cherry blossom or Sakura (Prunus cerasus) [260],
kenaf (Hibiscus cannabinus L.) [261] or Sugi (Criptmeria Japonica) [262] were likewise tested
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after liquefaction to produce polyurethane adhesives with poly-4,4′-diphenylmethane di-
isocyanate. Nonetheless, the fractionation of lignocellulose into its main components is
much preferred for PU adhesive production and is discussed in the next sections.

4.4.1. Cellulose-Based Polyurethane Adhesives

Cellulose and its derivatives have also been employed to produce bioadhesives. Thus,
cellulose acetate in combination with CO was used by Tenorio-Alfonso et al. in several
studies [263–265], from which a wide range of concentrations, NCO:OH ratios and diverse
diisocyanates were tested, always exhibiting excellent properties, comparable to commercial
adhesives. Similar to lignocellulose, liquefaction was also used to formulate adhesives
from cellulose pulp; thus, sugar-beet-derived pulp adhesives with up to 87% biosource
exhibited good adhesion ability, improved by increasing diisocyanate/biosource ratio. The
stability of sugar beet pulp adhesives was better than another biomass also tested [266].

4.4.2. Hemicellulose-Based Polyurethane Adhesives

As previously mentioned, hemicellulose is formed by a combination of different
monomers, such as xylose, arabinose, etc. Balcioglu et al. [267] utilised xylose for PU-
adhesive formulations, obtaining adequate biocompatible adhesives with strength up to
415 kPa, at 15% xylose concentration. A patent has been registered where xylan inclusion
in adhesives reported strengthening of the bonding [268]. Although any hemicellulose-
derived polyol can actually be used as a precursor for PU-based adhesives, no such studies
have been performed to our knowledge.

4.4.3. Lignin-Based Polyurethane Adhesives

Lignin has also been widely studied over the last few decades for PU adhesion, as
demonstrated by the vast number of publications and patents centred on this
topic [241,242,256,269,270]. The use of lignin allows one to overcome typical PU-adhesive
drawbacks, such as delamination resistance, cohesive failure and gap-filling properties.
Moreover, it generally enhances the thermal behaviour of the adhesive [241].

To mention some of the greatest advances reported, lignin in combination with vanillin-
derived diisocyanates was able to withstand more than 9 MPa break at failure onto glass
surface, while the results for other surfaces (wood, aluminium and steel) were much
lower (around 1 MPa). Moreover, the use of diverse lignin sources demonstrated adhesive
properties to be tailored [271]. Griffini et al. [249] also exhibited outstanding adhesive
properties of lignin-based PUs; however, the maximum strength was found in wood
specimens (more than 9 MPa), while glass still exhibited very good results (7.6 MPa), as well
as aluminium and steel, showing around 1 MPa. Very good results in wood-wood surface,
but also in metal-metal and metal-textile contact were also reported for lignin-and-castor-
oil-based adhesives, where the lignin precedence, either from barley or wheat straw, played
a crucial role on the adhesive performance. In this work, biological modifications were
also targeted, allowing the tailoring of the adhesion values by the careful selection of both
the lignin precedence and the Streptomyces strain [270]. As hydroxyl groups are the main
bonding point to form proper urethane bonds with diisocyanates, other studies have been
focused on primarily increasing the hydroxyl group index of lignin by hydroxypropylation
or demethylation in order to create a stronger adhesive network [256,272,273]. In this
sense, improved tensile strength of more than 200% reference values was obtained by
hydroxypropylation [272]. On the other hand, biological modifications with laccase were
leveraged by Ibrahim et al. [274], who tested both uninoculated and inoculated lignin with
other natural sources such as chitosan and soy protein as well as with polyethyleneimine
to produce suitable adhesives. These exhibited close values to petroleum-based ones
and withstood hard thermal treatments with no significant performance loss. Regarding
systematic studies aiming to elucidate main parameters for adhesion evaluation, Lima-
García et al. [275] tested different kinds of lignins, Kraft and organosolv, resulting in
particle size, lignin source and dispersion processing being key parameters for adequate
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incorporation of lignin into the adhesive, which exhibited more than 50% better mechanical
properties than non-lignin-based ones. In another study, it was demonstrated that both
isocyanate and lignin source together with solvent were critical for adhesive strength
performance [269]. Looking for synergistic effects, the combination of epoxy-modified
lignin with PU emulsion also demonstrated significant enhancement of the adhesive
properties of lignin-based adhesives [276].

4.5. Lignocellulose-Based Polyurethane Lubricating Greases

As already mentioned in previous sections, the future prospects of the lubricating
grease industry rely on the discovery of suitable thickening agents and base oils that
can replace the metal-based soaps and mineral oils usually utilised for those purposes,
respectively (see Table 10).

Table 10. Most-used base oils and thickeners for lubricating greases.

Base Oils Thickeners

Mineral oil Sodium soap
Synthetic oil Calcium soap

Diester Lithium soap
Silicone liquid Aluminium soap

Phosphate ester Lithium complex
Fluorinated silicone Calcium complex
Chlorinated silicone Aluminium complex

Polyglycol Bentonite
Castor oil Silicon oxide

Carbon/graphite
Polyurea

Polyethylene
Indanthrene dye

Phthalocyanine dye

In history, the use of natural materials as lubricating greases was widely carried
out since the first mention of the topic, dating back to Ancient Egypt. Nonetheless, the
discovery of metal-based soaps and mineral and synthetic oils crucially changed the course
of lubricating grease production (see Table 11) [277].

Table 11. Lubricating grease evolution through history [277,278].

Date Event

About 1400 BC
The use of animal fat and limestone for lubrication of axes of

Hittite chariots was started. In the same period, lubricants based
on olive oil and limestone were used in Ancient Egypt

1845 A lubricant consisting of mineral oil, animal fat and limestone
was invented in the United States

1853 The first sodium lubricant based on beef fat appeared in the
United Kingdom

1912 The production of calcium lubricants with the dispersion medium
based on mineral oil was started in Japan

1938 Lithium lubricants were developed. They quickly conquered the
world and were used as multipurpose lubricants

1954 Invention of complex aluminium lubricants for operation at high
temperatures

1955 Invention of urea greases in the United States
1960–Present Resurgence of vegetable-oil-based lubricating greases

In this sense, once more, natural resources can play a decisive role, providing suitable
replacers for both main lubricating grease components, aiming to fulfil current industrial
demands and enhancing biodegradation properties of lubricants based on non-renewable
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resources. Via polyurethane formation, structural networks able to withstand and thicken
oils can be obtained, making them suitable for lubricating purposes. Some of the most used
natural sources for PUs formation will be discussed in the following sections regarding
their application as lubricating greases.

Both barley and wheat straws were considered for lubricating grease production
by biological modification with Streptomyces, demonstrating excellent rheological and
tribological properties. The straw origin once more was crucial, as the Streptomyces activity
was extremely dependent on the biosource, producing completely different effects on
the rheological behaviour. Friction coefficients of around 0.09 (around 0.02 lower than
commercially available lithium-based lubricating grease formulations) were obtained [279].
Likewise, some of the main constituents, i.e., cellulose and lignin, have also been reported
to be used as polyurethane-type thickening agents.

4.5.1. Cellulose-Based Polyurethane Lubricating Greases

Several studies have taken advantage of the polyol structure of cellulose and its
derivatives for the production of lubricating greases. Thus, PU formulations proposed
as bio-based lubricating greases were obtained by functionalisation of methylcellulose
with hexamethylene diisocyanate (HDI) and further mixing with castor oil. The different
concentrations and methylcellulose/HDI ratios led to tunable characteristics, covering
a wide range of lubricating grease consistencies [280,281]. Other studies have tested α-
cellulose, 2-hydroxyethyl cellulose, methyl 2-hydroxyethyl cellulose and cellulose acetate
propionate as precursors for PU-based lubricating grease formulations. The results let one
conclude that the balance and size of the polar and non-polar groups turned out to be
crucial in order to predict the rheological behaviour of the bio-based PUs [282]. Nonetheless,
less purified cellulose-based systems as industrial cellulose pulps were also evaluated as
an oil thickening agent, providing a more economical and industrial approach. Therefore,
both Eucalyptus globulus and Pinus radiata cellulose pulps were assessed, the first one
with two different purity grades, obtained by semi-mechanical cooking and commercial
Kraft process. Cellulose pulps obtained from the soda pulping process of previously
biologically treated wheat and barley straws with different Streptomyces strains were also
targeted as thickening agents via PU formation, in this case by following a greener one-step
approach. The modifications produced by the enzymatic activity of these strains were
successfully correlated to the rheological properties of the lubricating greases [283]. All
of them exhibited gel-like rheological characteristics with well-developed plateau regions
within the frequency range studied, and microstructures very similar to those found in
commercial lithium lubricating greases [284]. On the other hand, the tribological properties
of many of these systems were also evaluated, as well as the mechanical stability, showing
that most of them had suitable values for being considered potential replacers of traditional
petroleum-based lubricating greases [283–285].

4.5.2. Lignin-Based Polyurethane Lubricating Greases

Lignin, as shown in previous sections, can easily act as a lubricant additive in compos-
ites and other materials, in both liquid and solid lubricants. Nonetheless, in this section,
those studies related to the production of lignin-based PUs with lubricating properties
are summarised. Thus, Ma et al. [286] developed lignin-based PUs, with lignin acting as
an emulsifier for [BMIm]PF6 ionic liquid lubricant. The tribological results demonstrated
very low friction coefficient and wear scars, as well as excellent thermal stability. Several
studies concerning lignin-based PU formulations acting as gelling agents in castor oil media
with promising applications as lubricants have also been reported. Thus, in a preliminary
study, several diisocyanates were tested, showing HDI having the best properties to act as a
crosslinker, resulting in rheological characteristics similar to those observed for commercial
lithium-soap-based lubricating greases [287]. In a greener approach, a one-step method
for the preparation of lignin-thickened lubricating greases, free of solvents or catalysts,
was carefully addressed (evaluating temperature, agitation speed, etc.), it being possible to
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obtain proper formulations not only with HDI but also with toluene diisocyanate (TDI),
at room temperature and relatively low agitation speed [288]. The thickening potential of
a modified lignin fraction derived from the enzymatic activity of Streptomyces strains in
wheat straw was also evaluated. In this sense, the−OH group concentration increase due to
the enzymatic digestion of wheat straw led to higher viscoelastic functions of the obtained
oleogels [289]. Alternatively, the direct use of the laccase enzyme to modify lignin was also
aimed at, producing significant differences between commercial- and residual lignin-based
lubricating greases [290]. Furthermore, several residual lignin fractions from bioethanol
or Kraft pulping processes of different species were valorised, exhibiting good properties
as lubricant thickeners but dependent on the lignin origin, composition and extraction
method [291–293]. Some of these formulations were tested for biodegradability and ecotox-
icity, showing generally that there is no harm or danger to their disposal [294]. On the other
hand, lignin-based lubricating greases formed with a polyurea-polyurethane thickener
have also been patented lately [295]. Moreover, other patented lubricants also include lignin
as a dispersing agent and polyurethane as a polymeric binder in their formulations [296].

4.6. Lignocellulose-Based Polyurethane Elastomers

The substitution or at least minimisation of the use of petroleum-based sources by
the inclusion of bio-based plant-derived components in PU elastomers is considered
in this section. Different types of natural vegetable sources have been reviewed and
discussed hereunder.

Lignocellulose-based PU elastomers have been widely studied due to their low cost,
high availability, biodegradability and excellent performance. Once more, the properties of
the related elastomers have shown great dependency on origin, composition, growth condi-
tions, etc. Nonetheless, the lack of industrial advance in the topic relies on incompatibilities
related to differences in hydrophilicity, compromising suitable dispersion [297].

There are several lignocellulosic sources that have been analysed in literature for this
purpose. For instance, sawdust has been tested for PU elastomeric formulations. Thus,
acoustic panels with soundproof properties have been obtained from the combination of
some components, sawdust and PU elastomer binder being two of them [298]. A close
material, wood flour, was also used for composite formation with elastomeric properties,
which was prepared in filaments by 3D-printing technology. The tensile strength exhibited
a minimum when wood flour concentration varied between 0 and 40%, while elongation
at break was seriously compromised by increasing concentration [299]. In another study,
Mengeloğlu and Çavuş [300] tested different lignocellulose sources as fillers, such as
teak wood flour and rice husk, which were previously milled and screened before being
used. The results showed that a 15% filler concentration potentially increased mechanical
properties, while a 30% concentration caused a dramatic drop in the already mentioned
behaviour. In general terms, the performance of teak-based systems was slightly better
than that of rice husk. By using rice straw, the liquefied products from it have also led to
the formation of polyurethane elastomers [301]. Following this tendency, straw liquefied
products were also used by Zhao et al. [302] to perform PU elastomers where special
attention to the obtaining procedure and its relation to mechanical performance were paid.
In the following sections, the use of cellulose, hemicellulose and lignin in PU elastomeric
formulations is discussed in more detail.

4.6.1. Cellulose-Based Polyurethane Elastomers

Cellulose and cellulose-derived materials have been known to act as proper fillers
and endow materials with thorough properties, due to the fibrous structure and hydrogen
bonding possibilities. Regarding PU elastomers, the same can be applied; nonetheless, the
use of micro and nanocellulose has been more lately targeted. For instance, microfibrillated
cellulose has been leveraged as casting material for PU formation, thus acting as tough
elastomers for composite reinforcing [303]. The addition of up to 5 wt.% of microcrystalline
cellulose to a PU based on MDI, butanediol and polytetramethylene glycol turned out
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a better performance of more than 650% tensile strength compared to the reference sys-
tem [304]. Pei et al. [305] demonstrated that by incorporating cellulose nanocrystals in an
MDI-poly(tetramethylene glycol)-based PU only at 1 wt.% concentration, stress at break
could be 8-fold increased. In another work, the use of cellulose nanowhiskers prepared
from microcrystalline cellulose allowed the formulation of shape-memory PU elastomers,
triggered by water [306]. The addition of cellulose nanocrystals also demonstrated the
improvement of the rheological properties of PU elastomers, with an increase of several
orders of magnitude of the still unreacted suspensions, due to strong interactions between
the nanocrystals and the polyol [307]. In another study, Saralegi et al. [308] developed
from elastomeric to rigid bio-based PUs by increasing cellulose nanocrystal concentration.
Interestingly, Lee et al. [309] incorporated cellulose nanofibres to a PU-urea matrix and
reported a decrease in the elastic modulus by increasing cellulose concentration up to
1% and a further increase at 2%. Nonetheless, the mechanical properties were anyway
enhanced. In castor oil/PEG-based PUs, the inclusion of cellulose nanocrystals obtained
from Eucalyptus globulus was likewise positive for mechanical properties enhancement,
reporting shifts from 5 to 12 MPa and from 1 to 5 MPa of tensile strength and Young
modulus respectively, in comparison with the cellulose-free system [310].

4.6.2. Hemicellulose-Based Polyurethane Elastomers

Only a few studies proposed either hemicellulose derivatives or the monomers that
comprise its structure as suitable polyols for the preparation of PU elastomers. Gluco-
mannan was used in different concentrations to tune castor-oil-based PU properties from
elastomeric to very rigid systems within the range of 5–90 wt.% concentration [311,312]. In
a related work, films with elastomeric properties were elaborated by modifying glucoman-
nan molecular weight [313]. It is also well known that very interesting furan derivatives
can be obtained from hemicellulose, like furfural. Such compounds have also been used as
sources for polyurethane formation, some of them serving as elastomers [83].

4.6.3. Lignin-Based Polyurethane Elastomers

Lignin and lignin derivatives have also been occasionally used as polyols and fillers
for elastomers production [314]. One of the most important derived chemicals that can be
obtained from lignin is vanillin. Apart from the already mentioned uses in previous sections,
PU elastomers have likewise been generated. Vanillin inclusion propelled mechanical
properties, causing Young modulus and strain at break to increase up to around 130 and
150% respectively [315]. Another lignin derivative that has been used as a copolymer in
PU elastomers is lignin-derived polycarboxylic acid. With content of only 2.5%, the Young
modulus and tensile stress at different strains (100 and 300%) were augmented 384, 135
and 90% respectively [316].

In the development of lignin-based PU elastomers, frequently lignin acted as polyol,
becoming a structural part of the formulation, while sometimes it is only cast or mixed,
acting as filler. As examples of the first case, improved thermal and mechanical properties
were reported by the use of unmodified lignin as polyol along with poly (propylene glycol)
and TDI as a crosslinker, yielding PUs with outstanding tensile performance (176 MPa,
33 MPa and 1394% of Young modulus, tensile strength and elongation at break respectively)
by the addition of up to 40% lignin. In addition, the better performance of low-molecular-
weight lignin fractions was reported [317]. The use of acetylated lignin and polyethylene
glycol (PEG) as copolymers allowed elongations at break higher than 2000% to be ob-
tained [318]. Likewise, PEG with oxidised lignin was used by Zhang et al. [319], resulting
once more in great tensile performance. On the other hand, Liu et al. [320] took advan-
tage of enzymatic procedures to alter lignin structure, which decreased molecular weight,
thus imparting stronger mechanical properties to the network, i.e., up to 60 MPa tensile
strength. Elastomers with excellent cushioning properties which could well act as coatings
or shoe soles were likewise obtained by the inclusion of lignin in castor-oil-based PUs,
showing an outstanding 88-fold enhancement at the stress at break in compressive perfor-
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mance, along with an improvement of the strain at failure from 50 to 93%, compared to the
lignin-free system. The tensile properties were also enhanced by 17- and 7-fold regarding
the Young modulus and stress at break, respectively. The dynamic properties of these
elastomers were also tested, showing excellent results even for high loads and long-time
essays [245]. Using lignin as filler, Ciobanu et al. [321] performed PU elastomers based
on poly(ethyleneadipate), ethylene glycol, and MDI where lignin was cast using DMF
as solvent at concentrations from 4 to 23%. The results indicated, once more, improved
performance on mechanical properties with only a 10 wt.% lignin concentration, where the
tensile strength and elongation at break were augmented up to 370 and 160% respectively.
Acting as filler, lignin is usually responsible for enhancing mechanical properties, such
as Young modulus or compressive performance [173,241,322]. In general, the higher the
lignin concentration, the higher both the storage and Young moduli up to a certain con-
centration depending on the formulation, since lignin acts as a rigid component [241]. In
this sense, storage modulus has been raised 6-fold by the addition of up to 60% lignin to
polypropylene-glycol-based PUs [323]. In another study, Ortíz-Serna et al. [247] evaluated
both the thermal and mechanical properties of Kraft and organosolv lignin acting as fillers
for PU elastomers based on castor oil and butanediol, exhibiting great differences between
these products. Culebras et al. [324] tested Alcell organosolv and hydroxypropyl-modified
Kraft hardwood lignin for the same purpose, being the first one able to achieve excellent me-
chanical properties, with Young modulus of 80 GPa, comparable to commercial elastomers.
Other authors tested other different lignins, such as wheat straw soda-derived, Indulin AT
softwood kraft, Protobind 1000 soda, corn stover or sulphite hardwood lignins [241,325].
Frigerio et al. [326] found particle size, polar surface and agglomeration tendency to be
key points in lignin performance as filler. Non-modified lignin was demonstrated to carry
out the functions of both crosslinker and reinforcing agent in silicone-based PUs, match-
ing some of the properties of commercially available silicone PUs [327]. Some of these
elastomers can act as sealants, materials in surfboards, car interiors, household items and
sporting indoor courts [328].

Finally, the three main bio-polyurethane types studied, i.e., adhesives, lubricating
greases and elastomers, have been included in Figure 4, with the background showing
biomaterial testing or application.

Figure 4. Main bio-polyurethanes studied, i.e., adhesives, lubricating greases and elastomers, from
left to right, with testing or application as background.

5. Conclusions

Due to emerging environmental concern during the last few decades, lignocellulose is
playing a fundamental role in research. Either by its use as a whole, fractionated into its
main biopolymers or by the derived production of small molecules, great focus is being paid
due to its environmentally friendly alternative and ubiquitous production. On the other
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hand, the residual character of some lignocellulose-derived fractions boosts possibilities for
their valorisation, especially lignin. The present review highlights the crucial importance
of the study of the lignocellulose extraction, separation and decomposition, and provides
an insight into these modifications, mainly based on thermal, mechanical, chemical and
biological pretreatments. Special attention is paid to biological processes whether by
the action of fungi or bacteria, due to the greener and more environmentally friendly
characteristics. By selecting a determined type of fungi or bacteria, some of the fractions
may remain unaltered, while others may be decomposed. Therefore, the possibility to
obtain different final products becomes massive, depending also on the biomass selected.

Furthermore, this review focusses its efforts on the use of lignocellulose, fractionated
or not, in the production of biofuels, biochemicals and biomaterials. Thus, a wide range of
biofuels, from the well-known biodiesel, biogas and bioethanol to other emerging species
like dimethyl ether, biohydrogen, biofene®, etc., have been produced. Moreover, the last
technologies regarding genome-editing approaches and biological procedures are presented.
Considering biochemicals, an extremely wide range of products has been analysed and
obtained in literature, and here we collect and separate them into those obtained from
cellulose, hemicellulose and lignin. Biomaterials from lignocellulose have also been targeted
massively lately, and many different products, like films, coatings, membranes, hydro-, oleo-
and aero-gels, emulsifiers, fillers, flocculants, etc. have been produced, with many different
applications, in fields such as transportation, textile, packaging, environmental remediation,
plastic replacers, house and leisure items, health and hygiene, etc. Among the wide range of
biomaterials, the emerging and outstanding characteristics of polyurethanes have attracted
the attention of this review, especially in fields that are not usually deeply considered, such
as adhesion, grease lubrication and elastomeric cushioning. Therefore, we have reported
high-performance alternatives to traditional petroleum-derived products in those areas,
such as adhesives that substantially exceed the adhesion performance of commercially
available formulations in different surfaces, lubricating greases with tribological behaviour
superior to that of lithium and calcium soap-based lubricants, and elastomers with excellent
static and dynamic performance.

Overall, this review provides an extensive overview of the current state-of-the-art
of the pretreatments for lignocellulosic materials, and the development of lignocellulose-
derived biofuels, biochemical and biomaterials, with special attention to PU-based formu-
lations for adhesion, lubricating greases and elastomeric cushioning fields.

Author Contributions: Conceptualisation A.M.B.-L.; investigation A.M.B.-L., C.V. and J.M.F.;
writing—original draft preparation, A.M.B.-L.; writing—review and editing A.M.B.-L., C.V. and
J.M.F.; supervision and project administration C.V. and J.M.F.; funding acquisition J C.V. and J.M.F.
All authors have read and agreed to the published version of the manuscript.

Funding: This work is part of a research project (RTI2018-096080-B-C21) funded by MCIN/AEI/
10.13039/501100011033 and by “ERDF A way of making Europe”. A.M.B.-L. research activity was
funded by Ministerio de Educación, Cultura y Deporte, grant number FPU16/03697. The financial
support is gratefully acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Peace, A.H.; Carslaw, K.S.; Lee, L.A.; Regayre, L.A.; Booth, B.B.B.; Johnson, J.S.; Bernie, D.J. Effect of aerosol radiative forcing

uncertainty on projected exceedance year of a 1.5 ◦C global temperature rise. Environ. Res. Lett. 2020, 15, 0940a6. [CrossRef]
2. Cheng, C.-L.; Lo, Y.-C.; Lee, K.-S.; Lee, D.-J.; Lin, C.-Y.; Chang, J.-S. Biohydrogen production from lignocellulosic feedstock.

Bioresour. Technol. 2011, 102, 8514–8523. [CrossRef]

242



Polymers 2022, 14, 881

3. Himmel, M.E.; Ding, S.-Y.; Johnson, D.K.; Adney, W.S.; Nimlos, M.R.; Brady, J.W.; Foust, T.D. Biomass Recalcitrance: Engineering
Plants and Enzymes for Biofuels Production. Science 2007, 315, 804–807. [CrossRef] [PubMed]

4. Mosier, N.; Wyman, C.; Dale, B.; Elander, R.; Lee, Y.Y.; Holtzapple, M.; Ladisch, M. Features of promising technologies for
pretreatment of lignocellulosic biomass. Bioresour. Technol. 2005, 96, 673–686. [CrossRef]

5. Bussemaker, M.; Trokanas, N.; Koo, L.; Cecelja, F. Ontology Modelling for Lignocellulosic Biomass: Composition and Conversion.
Comput. Aided Chem. Eng. 2018, 43, 1565–1570. [CrossRef]

6. Huber, G.W.; Iborra, S.; Corma, A. Synthesis of Transportation Fuels from Biomass: Chemistry, Catalysts, and Engineering. Chem.
Rev. 2006, 106, 4044–4098. [CrossRef] [PubMed]

7. Hendriks, A.T.W.M.; Zeeman, G. Pretreatments to enhance the digestibility of lignocellulosic biomass. Bioresour. Technol. 2009,
100, 10–18. [CrossRef]

8. Li, C.; Zhao, X.; Wang, A.; Huber, G.; Zhang, T. Catalytic Transformation of Lignin for the Production of Chemicals and Fuels.
Chem. Rev. 2015, 115, 11559–11624. [CrossRef]

9. Binder, J.B.; Raines, R.T. Simple Chemical Transformation of Lignocellulosic Biomass into Furans for Fuels and Chemicals. J. Am.
Chem. Soc. 2009, 131, 1979–1985. [CrossRef]

10. Domínguez-Robles, J.; Espinosa, E.; Savy, D.; Rosal, A.; Rodriguez, A. Biorefinery Process Combining Specel® Process and
Selective Lignin Precipitation using Mineral Acids. BioResources 2016, 11, 7061–7077. [CrossRef]

11. Fitzpatrick, M.; Champagne, P.; Cunningham, M.F.; Whitney, R.A. A biorefinery processing perspective: Treatment of lignocellu-
losic materials for the production of value-added products. Bioresour. Technol. 2010, 101, 8915–8922. [CrossRef]

12. Menon, V.; Rao, M. Trends in bioconversion of lignocellulose: Biofuels, platform chemicals & biorefinery concept. Prog. Energy
Combust. Sci. 2012, 38, 522–550. [CrossRef]

13. Yang, S.-T. Bioprocessing—From Biotechnology to Biorefinery. In Bioprocessing for Value-Added Products from Renewable Resources;
Elsevier: Amsterdam, The Netherlands, 2007; pp. 1–24.

14. Fan, L.T.; Lee, Y.-H.; Gharpuray, M.M. The nature of lignocellulosics and their pretreatments for enzymatic hydrolysis. In
Bioprocesses and Applied Enzymology; Springer Science and Business Media LLC: Berlin/Heidelberg, Germany, 1982; pp. 157–187.

15. Oginni, O.; Singh, K.; Zondlo, J.W. Pyrolysis of dedicated bioenergy crops grown on reclaimed mine land in West Virginia. J. Anal.
Appl. Pyrolysis 2017, 123, 319–329. [CrossRef]

16. Schmitz, E.; Karlsson, E.N.; Adlercreutz, P. Warming weather changes the chemical composition of oat hulls. Plant Biol. 2020, 22,
1086–1091. [CrossRef]

17. Klemm, D.; Heublein, B.; Fink, H.-P.; Bohn, A. Cellulose: Fascinating Biopolymer and Sustainable Raw Material. Angew. Chem.
Int. Ed. 2005, 44, 3358–3393. [CrossRef]

18. Alternative Fuels from Biomass Sources. Available online: https://www.e-education.psu.edu/egee439/node/664 (accessed on
20 September 2021).

19. Scheller, H.V.; Ulvskov, P. Hemicelluloses. Annu. Rev. Plant Biol. 2010, 61, 263–289. [CrossRef]
20. Gibson, L.J. The hierarchical structure and mechanics of plant materials. J. R. Soc. Interface 2012, 9, 2749–2766. [CrossRef]
21. De Souza, W.R. Microbial Degradation of Lignocellulosic Biomass. In Sustainable Degradation of Lignocellulosic Biomass—Techniques,

Applications and Commercialization; Chandel, A., Ed.; IntechOpen: London, UK, 2013; pp. 207–248.
22. Amen-Chen, C.; Pakdel, H.; Roy, C. Production of monomeric phenols by thermochemical conversion of biomass: A review.

Bioresour. Technol. 2001, 79, 277–299. [CrossRef]
23. Martínez Ángel, T.; Rencoret, J.; Marques, G.; Gutiérrez, A.; Ibarra, D.; Jimenez-Barbero, J.; del Río, J.C. Monolignol acylation and

lignin structure in some nonwoody plants: A 2D NMR study. Phytochemistry 2008, 69, 2831–2843. [CrossRef]
24. Sun, S.-L.; Wen, J.-L.; Ma, M.-G.; Li, M.-F.; Sun, R.-C. Revealing the Structural Inhomogeneity of Lignins from Sweet Sorghum

Stem by Successive Alkali Extractions. J. Agric. Food Chem. 2013, 61, 4226–4235. [CrossRef]
25. Heikkinen, S.; Toikka, M.M.; Karhunen, P.T.; Kilpeläinen, I.A. Quantitative 2D HSQC (Q-HSQC) via Suppression of J-Dependence

of Polarization Transfer in NMR Spectroscopy: Application to Wood Lignin. J. Am. Chem. Soc. 2003, 125, 4362–4367. [CrossRef]
[PubMed]

26. Santos, J.I.; Fillat, U.; Martín-Sampedro, R.; Ballesteros, I.; Manzanares, P.; Ballesteros, M.; Eugenio, M.E.; Ibarra, D. Lignin-
enriched Fermentation Residues from Bioethanol Production of Fast-growing Poplar and Forage Sorghum. Bioresources 2015, 10,
5215–5232. [CrossRef]

27. Heitner, C.; Dimmel, D.; Schmidt, J. Lignin and Lignans: Advances in Chemistry; CRC Press: Boca Raton, FL, USA, 2010.
28. Kringstad, B.K.P.; Mörck, R. 13C-NMR Spectra of Kraft Lignins. Holzforschung 1983, 37, 237–244. [CrossRef]
29. Xia, Z.; Akim, A.L.G.; Argyropoulos, D.S. Quantitative 13C NMR Analysis of Lignins with Internal Standards. J. Agric. Food Chem.

2001, 49, 3573–3578. [CrossRef] [PubMed]
30. Santos, J.I.; Martin-Sampedro, R.; Fillat, Ú.; Oliva, J.M.; Negro, M.J.; Ballesteros, M.; Eugenio, M.E.; Ibarra, D. Evaluating

Lignin-Rich Residues from Biochemical Ethanol Production of Wheat Straw and Olive Tree Pruning by FTIR and 2D-NMR. Int. J.
Polym. Sci. 2015, 2015, 314891. [CrossRef]

31. Zhang, L.; Gellerstedt, G. Quantitative 2D HSQC NMR determination of polymer structures by selecting suitable internal
standard references. Magn. Reson. Chem. 2007, 45, 37–45. [CrossRef]

32. Zakzeski, J.; Bruijnincx, P.C.A.; Jongerius, A.L.; Weckhuysen, B.M. The Catalytic Valorization of Lignin for the Production of
Renewable Chemicals. Chem. Rev. 2010, 110, 3552–3599. [CrossRef]

243



Polymers 2022, 14, 881

33. Patil, N.D.; Tanguy, N.R.; Yan, N. Lignin Interunit Linkages and Model Compounds. In Lignin in Polymer Composites; Elsevier BV:
Amsterdam, The Netherlands, 2016; pp. 27–47.

34. Lawrence, A.; Thollander, P.; Karlsson, M. Drivers, Barriers, and Success Factors for Improving Energy Management in the Pulp
and Paper Industry. Sustainability 2018, 10, 1851. [CrossRef]

35. Alonso, D.M.; Hakim, S.H.; Zhou, S.; Won, W.; Hosseinaei, O.; Tao, J.; Garcia-Negron, V.; Motagamwala, A.H.; Mellmer, M.A.;
Huang, K.; et al. Increasing the revenue from lignocellulosic biomass: Maximizing feedstock utilization. Sci. Adv. 2017, 3,
e1603301. [CrossRef]

36. Baruah, J.; Nath, B.K.; Sharma, R.; Kumar, S.; Deka, R.C.; Baruah, D.C.; Kalita, E. Recent Trends in the Pretreatment of
Lignocellulosic Biomass for Value-Added Products. Front. Energy Res. 2018, 6, 141. [CrossRef]

37. Sousa, L.D.C.; Chundawat, S.P.; Balan, V.; Dale, B.E. ‘Cradle-to-grave’ assessment of existing lignocellulose pretreatment
technologies. Curr. Opin. Biotechnol. 2009, 20, 339–347. [CrossRef]

38. McMillan, J.D. Pretreatment of Lignocellulosic Biomass. In ACS Symposium Series; American Chemical Society (ACS): Washington,
DC, USA, 1994; pp. 292–324.

39. Yang, B.; Wyman, C.E. Pretreatment: The key to unlocking low-cost cellulosic ethanol. Biofuels Bioprod. Biorefin. 2008, 2, 26–40.
[CrossRef]

40. El Hage, R.; Brosse, N.; Sannigrahi, P.; Ragauskas, A. Effects of process severity on the chemical structure of Miscanthus ethanol
organosolv lignin. Polym. Degrad. Stab. 2010, 95, 997–1003. [CrossRef]

41. Sindhu, R.; Binod, P.; Pandey, A. Biological pretreatment of lignocellulosic biomass—An overview. Bioresour. Technol. 2016, 199,
76–82. [CrossRef]

42. Yang, B.; Dai, Z.; Ding, S.-Y.; Wyman, C.E. Enzymatic hydrolysis of cellulosic biomass. Biofuels 2011, 2, 421–449. [CrossRef]
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Abstract: The effect of novel antimicrobial peptides (AMPs) and antimicrobial peptide microspheres
(AMS) on the physicochemical and microbial quality of Tricholoma matsutake wild edible mushrooms
was investigated. In the experiments, 1.0 g/L, 0.5 g/L of AMS, and 1.0 g/L AMPs were used as
preservatives. Mushrooms coated with 1.0 g/L and 0.5 g/L of AMS as a preservative had better
physicochemical and sensory qualities than did mushrooms coated with 1.0 g/L of AMPs. In the
experiment, 1.0 g/L of blank microspheres without cathelicidin-BF-30 (PLGA-1.0) and distilled water
was used as the control. Samples with these two treatments had minimal changes in texture, weight
loss, total bacteria count, and sensory attributes. Research results suggests that the use of AMS can
maintain the quality of Tricholoma matsutake wild edible mushrooms and could extend the postharvest
life to 20 d.

Keywords: antimicrobial peptide (microspheres); Tricholoma matsutake; physicochemical quality;
microbial quality

1. Introduction

Mushrooms have been widely used since ancient times as food and for medicinal or
other functional purposes. In recent years, there has been an increase in the worldwide con-
sumption of fresh wild mushrooms (e.g., Lactarius deliciosus Boletus edulis Cantharellus spp.
Hygrophorus spp. and Tricholoma matsutake spp.) because of their delicate flavor, trace miner-
als, and texture [1]. Tricholoma matsutake is a fungus that belongs to the subgenus Tricholoma,
and it is widely distributed in Asian countries, such as China, Korea, and Japan [2,3]. A large
number of bioactive substances extracted from the fruiting bodies of T. matsutake, such
as volatile compounds [4], polysaccharides [5], and polysaccharide–protein complex frac-
tions [6,7], have been found to have immunomodulating and antioxidant properties [8,9].
Tricholoma matsutake is one of more precious and relatively expensive species throughout
the world, exhibiting a characteristic and delicate flavor as well as several biological ac-
tivities, such as sterol-lowering, anti-oxidant, immunomodulating, and anti-tumor effects
in humans.

However, mushrooms perish rapidly and have a limited shelf-life of only 1 to 3 days
at room temperature [10]. The high respiration rate, lack of physical protection to avoid
water loss, and changes from microbial attack are often associated with a rapid decrease
in mushroom quality [11]. An extended shelf-life is a key factor for making any food
commodities more profitable and commercially available for longer periods of time at
the best possible quality. The producer will benefit from a longer shelf-life by being able
to sell the product in markets over greater distances [12]. There is a general trend in
mushroom preservation research toward the development of preservation techniques that
are practical and operable in order to reduce damaging to food products. These damages
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include mushroom loss of quality, contributing to their deterioration through browning,
cap opening, stipe elongation, cap diameter increase, weight loss, and texture changes [13].

According to several authors, a coating could delay mushroom spoilage with minimum
changes to the physiochemical and sensory quality of the mushrooms [14–16]. Edible
coatings can maintain the quality of fruits and vegetables by functioning as solute, vapor,
and gas barriers. These coatings could help decrease moisture loss and slow respiration
by reducing fruit oxygen uptake from the environment [17]. Tiwari outlined the various
types of animal and plant microorganisms isolated from antimicrobial applications in
the food industry [18]. Edible coatings have been widely used to extend the shelf-life of
various agricultural products [19]. Moreover, the product can be protected from microbial
and mechanical damage, maintain a beautiful appearance, and prevent the escape of
volatile substances [20]. Edible coatings derived from biodegradable and biomass can
better meet the needs of customers and environmental package [21]. Coating preservation
technology has focused on surface coating technology and the different types of coatings
that are used to protect food from the effects of environmental factors, such as light,
oxygen, and microorganisms [22]. Some summaries have been published on the effects
of keeping perishables fresh by using coating technology, along with the shortcomings,
future development trends, and applications. Research has found that the bacteriostatic
action of antimicrobial peptides is achieved by destroying bacterial cell membranes and
playing a role in antibacterial mechanisms, which is apparently not easy in the creation of
medicines [23].

In recent years, antimicrobial peptides (AMPs) have been used as potential new antibi-
otics to solve the problem of resistance, acting as a kind of biological epidemic prevention
system against exogenous pathogens of natural antibacterial peptides, which are small
molecules composed of 12–100 amino acids [24,25]. Once in a target microbial membrane,
the peptide kills target cells through diverse mechanisms [26]. Thus, antimicrobial peptides
are widely applied in the fields of medicine, agriculture, aquaculture, and food industry
because of their small molecular weight [27–29]. Although antibacterial peptides may have
unprecedented application prospects for edible fungus such as precious wild fungus—
as an antistaling agent in particular—antibacterial peptides have not yet been used in the
preservation of wild fungus.

Nevertheless, due to its short half-life, AMPs can only be stable for 2.5 h in rat
plasma [30]. Embedding it into a polymer microsphere material can protect it from the
effects of the external environment and improve its half-life. Polylactic acid polymer micro-
sphere materials play an important role in the field of drug-controlled release. In recent
years, the structure has become more complex, and new materials have shown excellent
performance. There is increasing interest in using PLA for food packaging applications.
PLA is a biodegradable polymer that can be produced from annually renewable resources,
such as sugar beet or corn starch [11]. Additionally, combinations of natural polymer mate-
rials with synthetic polymer materials integrate the advantages of both, with polypeptides,
proteins, nucleic acids, and other new drugs employing controlled release applications.

In this work, the antimicrobial peptide microspheres and antimicrobial peptides as
preservatives were carried out for the preservation experiments of Tricholoma matsutake.
The purpose is to test the fresh-keeping effect of antimicrobial peptides and whether the
form of microspheres can maintain the fresh-keeping effect for a longer time. The weight
loss and firmness measurement were used to characterize the macroscopic properties of
mushrooms. Changes were detected in the internal components of mushrooms, including
their chemical properties and enzymes.

2. Materials and Methods
2.1. Materials

Tricholoma matsutake, as wild edible mushrooms, were harvested from a local grove
in Kunming (Kunming, China). The mushrooms were transported to the laboratory im-
mediately after harvest. Antibacterial peptides included cathelicidin-BF-30 (Sequence:
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KFFRKLKKSVKKRAKEFFKKPRVIGVSIPF, W = 3638.57 Da, peptide purity = 95.74%),
which was purchased from China Peptides Co., Ltd. (ShangHai, China). Cathelicidin-BF-30
was found to exert broad antimicrobial activity against bacteria and to exhibit excellent
inhibitory activity [31]. Wang [32] reported that cathelicidin-BF-30 could be an excellent
therapeutic agent for acne vulgaris and that cathelicidin-BF-30 is harmless to the human
body. Li [33] also showed that AMS had a proliferation effect on the cells and that the
microspheres were not toxic.

2.2. The Preparation of the Antimicrobial Peptide Microspheres

The method for making the antimicrobial peptide microspheres was an emulsified
curing method. First, 0.5 g poly(lactic-co-glycolic acid) (PLGA; 75:25) was added into 5 mL
dichloromethane (DCM), and then, 50 mg of Tween80 was also added in an ice bath at a
rate of 0.5 mL/min with rapid dispersion of 1 min. To obtain the colostrum, the material
quickly was transferred into the solution with 20 mL polyvinyl alcohol (PVA, 5% g/mL)
and continued rapid dispersion for 4 min. The emulsion with a 5% isopropyl alcohol
solution (400 mL) was mixed at low speed for 3 h. At 7000 RPM and 4 ◦C, the mixture
was centrifuged for 10 min; afterwards, the microspheres were collected and washed three
times with pure water, and then, they were employed in rapid lyophilization at 55 ◦C.

2.3. Scanning Electron Microscopy Measurements

Scanning electron microscopy (Hitachi, S-3000 N, Tokyo, Japan) was used to analyze
the microsphere morphology. A small amount of solution was collected before centrifuga-
tion and diluted with pure water, and the particle size distribution was measured with a
laser particle size analyzer. The average value of each sample was measured 3 times.

2.4. Pretreatment and Preservation of Mushrooms

Each sample was sorted according to the shape and maturity of the mushrooms. Dam-
aged or rotten mushrooms were removed. Then, the Tricholoma matsutake mushrooms were
carefully cleaned by hand to remove mud and pine needles from the surface. The mush-
rooms were randomly divided into four different treatments. They were dipped into
different preservatives (1.0 g/L and 0.5 g/L AMS and 1.0 g/L AMPs for 2 min at 20 ◦C)
with a dip in distilled water used as a control. A fan generating a low-speed air flow was
used to dry the Tricholoma matsutake mushrooms. The Tricholoma matsutake mushrooms were
placed on a crisper (115 × 115 × 45) that was constructed from low-density polyethylene
(LDPE) film, which was punched with four holes (Φ = 7 mm) and stored at 4 ± 1 ◦C for
16 days. The quality of the mushrooms was determined initially and after 4, 8, 12, 16,
and 20 days. Three replicates from each group were randomly selected and sampled as
described below.

2.5. Weight Loss

Weight loss was determined by the weight of the mushroom before and after storage.
It was expressed as the percentage of weight loss with respect to the initial weight. Weight
loss was determined gravimetrically.

2.6. Firmness Measurement

The firmness of the mushrooms was measured with a texture analyzer (TA-XT, Stable
Micro System Ltd., London, UK) using a 2 mm-diameter cylindrical probe. Samples were
penetrated to a depth of 5 mm. The speed of the probe was 2.00 mm s−1 during both the
pretest and penetration. From the force versus time curves, the firmness was defined as the
maximum force (Newton N). There were, on average, 10 mushrooms in each package.

2.7. Analysis of Chemical Properties

The total sugars in the mushrooms were determined according to the methods de-
scribed by Miller [34] and Dubois et al. [35]. The determination of total ascorbic acid was
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performed as described by Hanson et al. [36] based on coupling 2,4-dinitrophenylhydrazine
(DNPH) with the ketonic groups of dehydroascorbic acid through the oxidation of ascorbic
acid by 2,6-dichlorophenolindophenol (DCIP), providing a yellow/orange color in acidic
conditions. Mushroom tissues (10 g) were blended with 80 mL of 5% meta-phosphoric
acid in a homogenizer and centrifuged. After centrifuging, 2 mL of the supernatant were
poured into a 20 mL test tube containing 0.1 mL of 0.2% 2,6-DCIP sodium salt in water,
2 mL of 2% thiourea in 5% meta-phosphoric acid, and 1 mL of 4% 2,4-DNPH in 9 N sulfuric
acid. The mixtures were kept in a water bath at 37 ◦C for 3 h and then placed in an ice bath
for 10 min. Then, 5 mL of 85% sulfuric acid was added, and the mixtures were kept at room
temperature for 30 min before being read at 520 nm.

2.8. Enzyme Assays

To analyze the enzyme activities, mushroom tissues (5.0 g) were removed using a
sharp knife and then homogenized with 20 mL of 0.5 M sodium phosphate buffer (pH 6.5)
containing 20 g/L of polyvinylpyrrolidone to restrict oxidation in the samples. After
centrifugation for 20 min at 8000 rpm and 4 ◦C, the supernatant was collected and used as
a crude enzyme extract for the polyphenol oxidase (PPO) and peroxidase (POD) assays.

The PPO activity was assessed using the oxidation of p-phenylendiamine by cate-
chol as a substrate [37]. PPO was measured immediately after the extraction to avoid
degradation of the enzymes. The absorbance was measured at 420 nm with a UV-vis
spectrophotometer (T90, Beijing Purkinje General Instrument Co. Ltd., Beijing, China).
One unit of PPO activity was defined as the amount of enzyme that caused a 0.001 increase
in absorbance per minute in 1 mL in the reaction mixture.

The POD activity was measured based on the spectrophotometric measurement by
using a modified method based on those described by Gao [38]. The reaction mixture for the
determination of POD activity consisted of 50 mM sodium phosphate buffer (pH 6.0), 5 mM
guaiacol, 5 mM H2O2, and 50 µL of tissue extract. One unit of POD activity was defined as
the amount of enzyme that caused a change of 0.01 per minute at an absorbance at 470 nm
under the specified conditions. The specific PPO and POD activities were expressed as
Umg−1 protein. Measurements were replicated three times. The PPO and POD activities of
the samples were calculated using the following formula:

E =
∆OD × VT

0.01 × V1 × t × FW

VT : The total volume of the sample solution (mL).
V1: Test sample volume (mL).
FW : Weight of the sample (g).

2.9. Microbiological Analysis

Methods for the determination of microorganisms were reported by Simón and
Gonzalez-Fandos [39]. All samples were analyzed for the mesophilic and psychrophilic
bacteria counts. Twenty-five grams of mushrooms was removed aseptically from the pack-
age, weighed, and homogenized in a sterile stomacher bag for 2 min, with 225 mL of 0.1%
peptone water. Further decimal dilutions were made with the same diluent. Aerobic counts
were determined on plate count agar. The plates were incubated at 37 ◦C for 2 days for
mesophilic bacteria and at 4 ◦C for 7 days for psychrophilic bacteria.

2.10. Statistical Analysis

All measurements were replicated three times, and the mean values ± standard
deviations were reported for each case. An analysis of variance (ANOVA) was performed
using a SPSS statistical computer software package (SPSS version 13.0). The significance of
differences between mean values was assessed using the Duncan’s multiple range test at a
significance level of p < 0.05.
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3. Results and Discussion
3.1. The Morphology and Particle Size of Antimicrobial Peptide Microspheres

The experimental microsphere production rate was 78.6%, which was close to 80%,
and the yield can be considered relatively high. Figure 1 shows the SEM images of freeze-
dried microspheres; the microsphere surface was smooth, there were fewer adhesions,
and the particle size distribution was not uniform, but this is typical of a complex emul-
sion/solvent extraction of microspheres. Only through the membrane emulsification
method could the microsphere particle size be made uniform.
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Figure 1. The antimicrobial peptide-PLGA microspheres SEM results; (a,b) correspond to different
amplification lyophilized microspheres, multiples of (a) ×7000, (b) ×5000.

The particle size distribution range was 0.5–3 µm, and the polydispersity was 0.239
(Figure 2). Most of the particle size distribution was in the range of 800–1400 nm. A monodis-
perse system can make the dose more reliable and more accurate. The carrier of a particle
size less than 1 micron can be avoided by capillary blockage and filtration, which can be
effectively absorbed by the cells [40]. Such a particle size distribution is suitable for drug
delivery systems [41].
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3.2. Weight Loss

All samples lost weight over the 20-day storage period (Figure 3). This loss increased
as the storage period progressed for all treatments. After 20 days of storage, the mushrooms
that were coated with AMS had 2.72% and 2.93% weight loss, respectively, compared with
the 3.34% and 3.25% weight loss values observed in the control and antimicrobial peptide
groups. The weight losses were all less than 3.5% during storage. However, after 4 d of
storage, the weight loss was relatively higher for the control samples than for those with an
antimicrobial peptide microsphere coating (0.5 g/L and 1 g/L). Mushroom weight loss is
mainly caused by water transpiration and CO2 loss during respiration. The thin skin of
shiitake mushrooms makes them susceptible to rapid water loss, resulting in shriveling
and deterioration [42]. Mushrooms can endure surface shrinkage. Additionally, there can
be fresh mushroom loss due to transpiration, which decreases the weight and quality and
affects the normal physiological processes, as occurs with increased enzyme activity and
respiration intensity with decreased resistance to disease.
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3.3. Firmness Measurement

Change in firmness is considered one of the chief problems in the postharvest deterio-
ration of mushrooms [43]. Mushrooms suffer a rapid loss of firmness during senescence,
which strongly contributes to its short postharvest life and susceptibility to fungal con-
tamination. The texture of Tricholoma matsutake is often the first of many quality attributes
that the consumer judges; it is extremely important in overall product acceptance. Mush-
rooms suffer a rapid loss of firmness during senescence, which strongly contributes to
its short postharvest life and susceptibility to fungal contamination. From a quality per-
spective, the texture of Tricholoma matsutake is an important parameter that the consumer
judges. At harvest, mushrooms are firm, crisp, and tender. However, they soften during
postharvest deterioration [44]. During the process of storage, the preservative effect on
Tricholoma matsutake hardness is shown in Figure 4. At the start of storage, the firmness
increases slightly, which is likely from mushroom water loss. Subsequently, the hardness
begins to decline, and softening can occur because of the degradation of cell walls in
postharvest mushrooms in response to bacterial enzymes and the increased activity of
endogenous autolysins [45]. Microorganisms, such as pseudomonas, degrade mushrooms
by breaking down the intracellular matrix and reducing the central vacuole, resulting in
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partially collapsed cells and a loss of turgor. This type of bacterial-induced softening was
observed in control samples, but it was inhibited by antimicrobial peptide coating treat-
ments. The maintenance of firmness in the mushrooms that were treated with antimicrobial
peptide coatings could be due to their higher antifungal activity or to the covering of the
cuticle and lenticels, which reduced infection, respiration, and other senescence processes
during storage. The loss of moisture during storage was responsible for firmness loss. With
respect to firmness on the eighth day of storage, the control group and PLA-1.0 group had
obvious reduced firmness compared with the other three groups. In 20 days, the hardness
of the mushrooms with AMS-1.0 as a preservative decreased more slowly than did that of
the other four groups; therefore, AMS-1.0 can be very effective in slowing the process of
mushrooms becoming soft.
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3.4. Analysis of Chemical Properties

As one of the nutritional indexes, total sugar can reflect the process of storage and
quality changes in Tricholoma matsutake. Total soluble sugars are not only the main photo-
synthates in higher plants, but they are also the main form of carbohydrate metabolism
and temporary storage. Five freshness modes of Tricholoma matsutake storage in the process
of changing the total sugar content are analyzed. With early storage, the total sugar content
increased (Figure 5). The increase in total sugar content in the observed samples may be
due to the high respiration rate and maturation of mushrooms during storage, and it is
consistent with the existing research results [15]. The total sugar levels in the antimicrobial
peptide microsphere-coated (1.0 g/L) samples increased at a significantly different rate
(p < 0.05) compared with the other three groups over the first 12 d period, resulting in a
109.8% higher than initial concentration at the termination of the experiment. The highest
total sugar content was 16.54 mg/g. Total sugar began to decline in the control group and
PLGA-1.0 group on the eighth day, whereas the total sugar content in the remaining three
groups decreased. During storage, the continuous respiration of Tricholoma matsutake
consumed microbial nutrients, resulting in the decrease in total sugar content. In the period
from day 12 to day 20, the total sugar contents of the control group and PLGA-1.0 group
were significantly lower than those of the other three groups.

261



Polymers 2022, 14, 208Polymers 2022, 14, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 5. Effect of different antimicrobial coatings on total sugar changes of Tricholoma matsutake 
stored at 4 ± 1 °C for 20 days. Each data point is the mean of three replicate samples. 

Figure 6 shows the ascorbic acid level changes in Tricholoma matsutake after 20 days 
of storage. Even for Tricholoma matsutake mushrooms that were treated with both AMPs 
and AMS, the ascorbic acid levels decreased. The starting value for ascorbic acid was 42.9 
mg/Kg, and it significantly decreased by the fourth day. On the eighth day, the control 
and PLGA-1.0 groups had somewhat lower ascorbic acid levels, although these levels 
were not significantly lower than those of the other three groups. These findings were in 
agreement with a study by Ayranci and Tunc [46]. Storage temperature was the main fac-
tor affecting the fluctuation of ascorbic acid content, because the temperature directly af-
fects the enzyme activity. Keeping the appropriate low temperature in the storage envi-
ronment of Tricholoma matsutake was conducive to the preservation of ascorbic acid. 

 
Figure 6. Effect of different antimicrobial coatings on ascorbic acid changes of Tricholoma matsutake 
stored at 4 ± 1 °C for 20 days. Each data point is the mean of three replicate samples. 

3.5. Enzyme Assays 
It is generally accepted that browning is due to the oxidation of phenolics and is 

caused by PPO and POD, resulting in the formation of brown-colored substances. This 
may be due to the oxidation of edible fungus polyphenols in the body into quinone sub-
stances, which form through a series of reactions, i.e., the Browning reactions. Figure 7a 
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Figure 6 shows the ascorbic acid level changes in Tricholoma matsutake after 20 days
of storage. Even for Tricholoma matsutake mushrooms that were treated with both AMPs
and AMS, the ascorbic acid levels decreased. The starting value for ascorbic acid was
42.9 mg/Kg, and it significantly decreased by the fourth day. On the eighth day, the control
and PLGA-1.0 groups had somewhat lower ascorbic acid levels, although these levels
were not significantly lower than those of the other three groups. These findings were in
agreement with a study by Ayranci and Tunc [46]. Storage temperature was the main factor
affecting the fluctuation of ascorbic acid content, because the temperature directly affects
the enzyme activity. Keeping the appropriate low temperature in the storage environment
of Tricholoma matsutake was conducive to the preservation of ascorbic acid.
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3.5. Enzyme Assays

It is generally accepted that browning is due to the oxidation of phenolics and is
caused by PPO and POD, resulting in the formation of brown-colored substances. This may
be due to the oxidation of edible fungus polyphenols in the body into quinone substances,
which form through a series of reactions, i.e., the Browning reactions. Figure 7a shows
the influence of different preservative agents on the Tricholoma matsutake PPO activity.
With an increase in storage time, the preservation of Tricholoma matsutake PPO activity
had a unimodal curve change in this way. The different preservative agents for Tricholoma
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matsutake had different effects on the PPO activity. The PPO activity of both the control
group and PLGA-1.0 group in the first eight days increased more rapidly, peaking within
12 days, whereas the other three groups peaked on the 16th day. The hydrogen POD and
PPO activity had a similar trend as the storage time increased. Within 12 days, the POD
activity of the four groups peaked (Figure 7b). When the concentration of AMS was 1.0 g/L
for Tricholoma matsutake, the PPO activity and POD activity were significantly lower than
those observed in the other three groups. It was responsible for the oxidation of phenolic
compounds and the formation of brown-colored melanins, preventing the formation of
brown patches and improving the appearance and color of the mushrooms [47]. At the same
time, the AMS could improve the effect of the enzyme. These results suggested that the
AMS coating treatment was more effective in retarding mushroom sensory deterioration.
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3.6. Microbiological Analysis

The changes in the total aerobic bacteria counts for Tricholoma matsutake during storage
are shown in Figure 8. In all groups, the total levels of mesophilic and psychrophilic
bacteria counts steadily increased throughout the storage period. Mesophilic and psy-
chrophilic bacteria predominated during storage in all of the analyzed samples. At harvest,
the mushrooms had 1.51 and 3.94 log10cfug−1 for psychrophilic and mesophilic bacteria, re-
spectively. These levels were higher than those reported by Cliffe-Byrnes and O’Beirne [48]
for water-rinsed white button mushrooms and by Jiang et al. [49] for shiitake mushrooms.
This was probably because Tricholoma matsutake mushrooms were harvested from a local
grove and mud, and many pine needles had adhered to the stems and caps of the wild
mushrooms. Following 20 days of cold storage, the microbial counts in the antimicrobial
peptide and antimicrobial peptide microsphere treatment groups were increased through-
out the storage period. However, their growth was slower that of the controls. AMS coating
was more effective in reducing the microbial counts than other treatments. For all groups,
the psychrophilic bacteria counts increased by less than two orders throughout the storage
period. Mushrooms from the control group and PLGA-1.0 group had tiny brown spots on
day 12 that developed into dark zones, which are characteristic of pseudomonas spoilage,
by day 16. The mushrooms were highly decayed at this point, and the end of their shelf
life was due to microbial spoilage. There were no differences between the AMS and the
AMPs in their response to psychrophilic bacteria, but with a high concentration of AMS
solution, the antimicrobial peptide preservation effect was much better for mesophilic
bacteria. However, overall, the coating and control groups showed obvious differences in
the number of psychrophilic bacteria. Thus, antimicrobial peptides might have stronger
effects on psychrophilic bacteria.
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3.7. Sensorial Analysis

The average values for the sensory attributes are listed in Table 1. All of the selected
sensory attributes gradually decreased as the storage period advanced. This supported the
validity of the chosen descriptors as indicators of mushroom deterioration.

Table 1. Effect of different treatments on the color of Tricholoma matsutake mushrooms stored at
4 ± 1 ◦C for 20 days.

Treatments Appearance Spoilage Odor

0 day
9.93 ± 0.54 9.76 ± 0.47 10.0

4 days
AMS-1.0 9.24 ± 0.47 a 9.42 ± 0.16 a 9.83 ± 0.19 a

AMS-0.5 9.32 ± 0.62 a 9.45 ± 0.53 a 9.82 ± 0.25 a

AMPS-1.0 9.20 ± 0.25 a 9.51 ± 0.67 a 9.89 ± 0.22 a

PLGA-1.0 9.12 ± 0.16 a 9.46 ± 0.25 a 9.85 ± 0.31 a

Control 9.07 ± 0.17 a 9.43 ± 0.55 a 9.74 ± 0.72 a

8 days
AMS-1.0 8.63 ± 0.83 a 8.12 ± 0.82 a 8.79 ± 0.56 a

AMS-0.5 8.51 ± 0.74 a 8.07 ± 0.14 a 8.83 ± 0.49 a

AMPS-1.0 8.74 ± 0.42 a 8.19 ± 0.26 a 8.57 ± 0.31 a

PLGA-1.0 7.72 ± 0.37 b 7.45 ± 0.63 b 8.31 ± 0.31 b

Control 7.46 ± 0.26 b 7.24 ± 0.37 b 8.25 ± 0.89 a

12 days
AMS-1.0 8.04 ± 0.33 a 7.24 ± 0.53 a 8.05 ± 0.63 a

AMS-0.5 7.87 ± 0.59 a 7.16 ± 0.33 a 8.13 ± 0.46 a

AMPS-1.0 7.93 ± 0.35 a 7.09 ± 0.74 a 7.24 ± 0.53 a

PLGA-1.0 6.52 ± 0.14 b 6.33 ± 0.44 b 6.57 ± 0.26 b

Control 6.05 ± 0.63 b 6.04 ± 0.92 b 6.43 ± 0.48 b

16 days
AMS-1.0 7.33 ± 0.52 a 6.88 ± 0.74 a 7.67 ± 0.27 a

AMS-0.5 7.04 ± 0.71 ab 6.53 ± 0.81 ab 7.25 ± 0.48 ab

AMPS-1.0 6.82 ± 0.35 b 6.24 ± 0.42 b 6.53 ± 0.31 b

PLGA-1.0 5.02 ± 0.37 c 5.13 ± 0.05 c 4.93 ± 0.11 c

Control 4.87 ± 0.83 c 4.82 ± 0.22 c 4.86 ± 0.61 c

20 days
AMS-1.0 6.81 ± 0.56 a 6.32 ± 0.63 a 6.83 ± 0.44 a

AMS-0.5 6.13 ± 0.68 ab 6.14 ± 0.58 a 6.47 ± 0.49 a

AMPS-1.0 5.67 ± 0.14 b 5.75 ± 0.15 a 5.52 ± 0.58 b

PLGA-1.0 3.24 ± 0.72 c 3.57 ± 0.63 c 3.38 ± 059 c

Control 3.13 ± 0.32 c 3.66 ± 0.44 b 3.14 ± 0.27 c

a–c Values followed by different letters in the same column are significantly different (p < 0.05), where a is the
lowest value. Data are presented as mean ± standard deviation (n = 3).
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There was no significant (p > 0.05) difference among the groups on day 0 of storage.
The application of AMS did not influence the sensorial analysis of the samples compared
with the PLGA-1.0 group and control group. A similar observation with no significant
difference between the samples and controls was observed on day 4 of storage. The off-
odor of mushrooms coated with AMS-1.0 and AMS-0.5 was significantly (p < 0.05) less
than those coated with AMPs-1.0 after 16 days of storage. The growth of microorganisms
may accelerate the decay of the mushroom. This phenomenon and the trend of microbial
quantity was the same.

The appearance of mushrooms coated with antimicrobial peptides was significantly
(p < 0.05) better than the control group and PLGA-1.0 group after 8 days of storage. Mush-
rooms in the control group and PLGA-1.0 group became unacceptable on day 16. The gen-
eral acceptability of AMP-treated mushrooms fell below the limit of marketability at day
16. However, a better trend was observed for AMS-0.5 and AMS-1.0-treated mushrooms.
AMS-0.5 and AMS-1.0-treated mushrooms were still acceptable in a marketable condition
and received a score of 6 at the end of the storage time. The results suggested that the
AMS-0.5 and AMS-1.0 treatments were more effective in retarding the deterioration of the
general acceptability of mushrooms compared with the other test samples.

Fresh Tricholoma matsutake can be stored in the refrigerator freezer for 3–5 days.
The experimental results showed that after fresh-keeping treatment, it was still acceptable
for 8 days. To some extent, the purpose of prolonging the shelf life was achieved.

4. Conclusions

In this study, novel AMPs and AMS coating materials were applied for the preservation
of Tricholoma matsutake mushrooms in storage at 4 ± 1 ◦C. The AMPs and AMS coatings
had beneficial effects on the physicochemical and physiological quality of the mushrooms
compared to the control treatment. The AMS coating had a significant effect on the texture,
PPO activity, POD activity, total sugar, and microbiological analysis of Tricholoma matsutake
wild edible mushrooms, although its effect on weight loss and ascorbic acid was limited.
The result suggested that AMS coatings maintain the firmness of mushrooms and improve
the postharvest quality during cold storage. These findings also suggested that AMS are
promising as an edible coating for use in commercial postharvest applications to prolong
the storage life of button mushrooms. Therefore, the AMS coating may provide an attractive
alternative to improve the preservation qualities of Tricholoma matsutake during extended
storage. The existing research results show that the long-term preservation of wild fungi
in the form of microspheres has application prospects in order to improve the shelf-life of
Tricholoma matsutake and other expensive mushroom varieties.
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Abstract: As life expectancy continues to increase, the inevitable weakening and rupture of bone
tissue have grown as concerns in the medical community, thus leading to the need for adhesive
materials suitable for bone repair applications. However, current commercially available adhesives
face certain drawbacks that prevent proper tissue repair, such as low biocompatibility, poor adhesion
to wet surfaces, and the need for high polymerization temperatures. This work aims to develop
an injectable and photo-responsive chitosan methacrylate/graphene oxide (ChiMA/GO) adhesive
nanocomposite hydrogel of high biocompatibility that is easy to apply by simple extrusion and that
offers the possibility for in situ polymer and physiological temperatures. The nanocomposite was
thoroughly characterized spectroscopically, microscopically, rheologically, thermally, and through
mechanical, textural, and biological assays to fully evaluate its correct synthesis and functionalization
and its performance under physiological conditions that mimic those observed in vivo. In addition,
a finite element analysis (FEA) simulation was used to evaluate its performance in femur fractures.
Results suggest the material’s potential as a bioadhesive, as it can polymerize at room temperature,
shows superior stability in physiological media, and is capable of withstanding loads from body
weight and movement. Moreover, the material showed remarkable biocompatibility as evidenced by
low hemolytic and intermediate platelet aggregation tendencies, and high cytocompatibility when
in contact with osteoblasts. The comprehensive studies presented here strongly suggest that the
developed hydrogels are promising alternatives to conventional bone adhesives that might be further
tested in vivo in the near future.

Keywords: bioadhesive; chitosan methacrylate; graphene oxide; bone repair; photocrosslinking

1. Introduction

Comminuted fractures are complex bone lesions that involve the break or splinter of a
bone into multiple fragments, usually after being subjected to loads far superior to those
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it can resist [1]. These injuries require a surgical treatment to allow the bone to properly
heal and regain its ability to sustain strain, which is generally based on the reduction of the
fractured surfaces, coupling of processed fragments, and stabilization by fixation implants
or adhesive materials [2–6]. The main disadvantage of internal fixation devices (e.g., screws,
plates, and wires) is the need for a second procedure to remove non-resorbable materials
after the initial intervention, which usually results in additional complications such as
refractures, infections, and other wound healing disorders [7–9]. In contrast, adhesive
materials, which bond fragments together through surface adhesion and internal cohesion,
are intended to be replaced gradually by re-growing bone, thus preventing the need for
additional interventions. Moreover, these adhesives enable uniform distribution of physical
forces over the bonded area, avoiding physical stress and tissue damage during the fixation
and repair processes [10–12]. Over the past two decades, engineered biomaterials have been
tailored to yield desirable biocompatibility and reduced foreign body responses, therefore
emerging as promising next-generation adhesives for biomedical applications [11,12].

Misnomered as an adhesive, polymethyl methacrylate (PMMA) or bone cement is
considered the gold standard for implant fixation in orthopedic surgery. Because it lacks
intrinsic adhesive properties, bone cement relies on the close mechanical interlock between
irregular surfaces to transfer forces from bone-to-bone or bone-to-prosthesis [13–15]. How-
ever, PMMA also shows low adhesion on wet surfaces, which makes it largely unsuitable
for living bone tissue applications. Additionally, it induces persistent inflammation, which
is undesirable for bone regeneration, and demands high polymerization temperatures
(66–80 ◦C), a condition that might lead to tissue necrosis [13–16]. Attempts for overcoming
these limitations have focused mainly on adding excipients such as powdered bioactive
compounds to enhance biocompatibility and consequently accelerate the fixation process.
This occurs at the expense of sacrificing partially its mechanical and handling proper-
ties [16–19]. A next generation of clinically usable bone adhesives must therefore comply
with a few requirements, including (1) being easily sterilizable and biocompatible, (2) being
capable of properly stabilizing the bone fragments for at least two weeks, (3) avoiding major
interference with the bone healing processes, (4) being easy to apply, and (5) degrading
without generating toxic metabolites [11,12,20].

Hydrogels might be an alternative to tackle the challenges presented above. These
polymers are hydrophilic, three-dimensional networks capable of absorbing, retaining,
and releasing water under different physical and chemical stimuli. Either synthetic or
biobased, hydrogels have emerged as powerful platforms for tissue engineering and drug
delivery [21,22]. Depending on the type of monomers, pendant chains, and degree of
crosslinking, hydrogels can undergo reversible sol–gel phase transitions (and consequently
changes in their properties) in response to specific stimuli such as temperature, pH, and
light [21,23]. For example, several authors have reported tuning the mechanical properties
of hydrogels through photo-crosslinking for 3D bioprinting and in situ deposition appli-
cations [24,25]. Additionally, hydrogels have proven suitable for wound healing as they
are non-irritant, permeable to metabolites, and provide a moist and cell-friendly environ-
ment [26,27]. This healing potential has been combined with the remarkable adhesiveness
of various biobased polymers to develop therapeutic wound dressings and bioadhesives
for skin, intestine, and bone applications [26–33].

One of the most employed natural polymers for therapeutic hydrogels is chitosan,
a biomaterial that can be obtained from the partial deacetylation of naturally abundant
chitin [34–37]. Along with a strong inherent adhesiveness and biocompatibility, chitosan
exhibits desirable hemostatic, antimicrobial, and analgesic properties, making it an at-
tractive material for numerous applications in nanomedicine [38,39] and regenerative
medicine [40]. Moreover, chitosan can be further engineered for specific functionalities by
conjugating functional molecules to the free acetamide and hydroxyl groups linked to the
glucopyranose rings in their structure, which are susceptible to nucleophilic attacks [37].
For instance, the conjugation of methacrylic acid (or methacrylation) has been used to
enhance the adhesive properties of chitosan for dental applications [41]. Complementarily,
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graphene oxide (GO), a two-dimensional nanomaterial obtained from the exfoliation-
oxidation of graphite, has been incorporated into chitosan hydrogels and scaffolds to form
nanocomposites that further improve mechanical properties [42–44]. GO is biocompatible,
biodegradable, antibacterial, physiologically stable, and sensitive to temperature and pH
changes to elicit drug release, but several reports have also discussed its promising poten-
tial as reinforcement to enhance mechanical response and colloidal stability, mimic tissue
microenvironments, and promote bone regeneration [45–48]. Moreover, the abundance
of oxygen-rich functional groups on its surface makes it suitable for relatively simple
chemical functionalization schemes and protein adsorption [42–44,49,50]. Nevertheless,
recent reports have also shown that GO can bioaccumulate and induce inflammatory and
cytotoxic responses, and thus only low doses are recommended for biological applications.

This work was dedicated to embedding GO in a covalently photocrosslinked network
of chitosan methacrylate (ChiMA) to develop a biobased adhesive nanocomposite hydrogel
that promotes bonding of fractured bone tissue under normal physiological conditions.
Extensive physicochemical and biological characterization tests were carried out on the
synthesized material to evaluate comprehensively its potential as a bioadhesive, including
mechanical response, swelling and degradation, microscopic imaging, methacrylation
level, and biocompatibility. Moreover, we conducted in silico analyses of the mechanical
performance to gain a more detailed mechanistic understanding of the bioadhesive response
under different load and compression conditions. The material put forward here holds
much promise as a platform that can be tailored for matching the mechanical properties
of different tissues through light-directed polymerization, and that is suitable for in situ
deposition through extrusion-based methods.

2. Materials and Methods
2.1. Materials

High-density chitosan, methacrylic acid (MA), N-[3-(dimethylamino)-propyl]-N’-
ethyl carbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide (NHS), dimethyl-
formamide (DMF), riboflavin (RF), phosphate-buffered saline (PBS), 3-(4,5-Dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), and triton were purchased from
Sigma-Aldrich (St. Louis, MO, USA). High-glucose Dulbecco’s modified Eagle medium
(DMEM) was purchased from Gibco (Amarillo, TX, USA). Hydrogen peroxide (H2O2),
sodium hydroxide (NaOH), glacial acetic acid, sulfuric acid, phosphoric acid, potassium
permanganate (K2MnO4), hydrochloric acid (HCl), and Tris-HCl were purchased from
PanReac AppliChem (Chicago, IL, USA). A commercial lactate dehydrogenase (LDH)
cytotoxicity assay kit was purchased from Novus Biologicals (Littleton, CO, USA). Fetal
bovine serum (FBS) was purchased from BioWest (Riverside, MO, USA), and graphite flakes
were purchased from Graphene Supermarket (Ronkonkoma, NY, USA). The Cercopithecus
aethiops kidney (Vero) cell line (ATCC® CCL-81) was obtained from the American Type
Culture Collection (Manassas, VA, USA). The Normal Human Osteoblast (NHOst) cell
line (CC-2538) and Osteoblast Growth and Differentiation Basal Medium (OBM) were
purchased from Lonza Bioscience (Basel, Switzerland). Polyester fiber and bovine femur
samples were purchased from local shops.

2.2. Chitosan Methacrylation

Methacryloyl groups from MA were covalently bound to the pendant primary amines
of chitosan monomers through EDC/NHS-mediated activation, following a modification
of the protocol put forward by Shen et al. (Figure 1) [51]. High-density chitosan was solubi-
lized in acetic acid 0.17 M at 3.5 mg/mL for 10 min under magnetic stirring. Furthermore,
MA, EDC, and NHS were mixed in 3 mL of DMF 99.8% (v/v) at 1:1, 1:2, and 1:4 molar
ratios with respect to the estimated free-amine groups in chitosan and activated for 15 min
at 37 ◦C before their addition to the chitosan solution. These mixtures were then left to
react for 24 h at 60 ◦C under continuous magnetic stirring at 600 RPM. The synthesized
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ChiMA formulations were dialyzed for 48 h against acetic acid 0.17 M and lyophilized for
48 h before sterilization with ethylene oxide.
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Figure 1. (A) Activation of methacrylic acid mediated by EDC and NHS. (B) Chemical conjugation of
methacryloyl groups to the free amines of glucosamine units in chitosan monomers. (C) Methacryloyl
group destabilization and crosslinking induced by the light-directed degradation of a photoinitia-
tor (riboflavin).

The conjugation of methacryloyl groups to chitosan was evaluated by Fourier-transform
infrared spectroscopy (FTIR) using an A250 FTIR (Bruker, Germany) instrument in the
spectral range of 4000–400 cm−1. Chemical modifications were also assessed by X-ray
Photoelectron Spectroscopy (XPS) using a NAP-XPS spectrometer (SPECS Surface Nano
Analysis GmbH) equipped with a PHOIBOS 150-1D-DLD analyzer and a monochromatic
Al-Kα source (1486.7 eV, 13 kV, 100 W). The survey spectra were obtained after five cycles
using a pass energy of 100 eV and an energy step of 1 eV. For high-resolution spectra, the
setup was fixed at 20 cycles, 20 eV pass, and 0.1 eV energy steps. An electron flood gun at
3 eV and 20 µA was employed for charge compensation. The C1s at 284.6 eV were selected
for binding energy calibration. The fitting was performed via a Shirley-type background
and optimized in the least-square method under well-established conditions of 30 GL ratio
(Gaussian–Lorentzian peak shape), fullwidth half-maximum (FWHM), and peak position
from the literature. A semi-quantification approach for the methacrylate functional groups
was conducted from the decomposition C1s sub-peak components associated with the CO–
and COO– species and N1s sub-peak component associated with the –O–N–C species. The
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atomic ratio composition was performed based on corrected peak areas for each spectrum
and the pristine chitosan sample as a reference.

2.3. Synthesis of Graphene Oxide

GO was synthesized by graphite’s coupled exfoliation/oxidation, following Tour’s
method (Figure 2) [52]. Briefly, a mixture of 90 mL of sulfuric acid 98% (v/v) and 10 mL
of phosphoric acid 85% (v/v) was slowly added to 0.75 g of graphite flakes and 4.5 g of
potassium permanganate and left to react under constant magnetic stirring at 50 ◦C. After
12 h, 150 mL of type I water ice cubes and 3 mL of hydrogen peroxide 30% (w/w) were
added to the viscous solution, thus inducing a color change from dark purple to gold yellow.
The obtained GO was sonicated for 5 min in an ultrasonic bath at an amplitude of 38% and
a frequency of 40 kHz and washed successively aided by filtration with polyester fiber.
Each washing cycle involved centrifugation at 4000 RPM for 4 h followed by resuspension
in a washing solution containing 50 mL of HCl 30% (v/v), 50 mL of ethanol 96% (v/v), and
50 mL of type I water. The final pellet was resuspended in type I water and lyophilized
for 24 h.
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Figure 2. Synthesis of graphene oxide by the coupled exfoliation/oxidation of graphite, as described
by Marcano’s modification of the Tour’s method.

The proper synthesis of GO was confirmed through FTIR, Raman spectroscopy, ther-
mogravimetric analysis (TGA), and transmission electron microscopy (TEM). FTIR spectra
were recorded with an A250 FTIR (Bruker, Germany) instrument in the spectral range of
4000–400 cm−1, while Raman spectra were recorded with an XploRA Confocal Raman
Microscope (Horiba Scientific, Japan). TGA profiles were collected with a TG analyzer (TA
Instruments, New Castle, DE, USA) using a temperature ramp of 25–600 ◦C at a heating rate
of 10 ◦C/min under a nitrogen atmosphere, and TEM imaging was conducted at 15,000×
with a Tecnai F30 Microscope (Fei Company, Hillsboro, OR, USA).

2.4. Preparation of the Bioadhesive

Lyophilized ChiMA samples were resuspended at 40 mg/mL and 60 mg/mL in acetic
acid 0.02 M. In parallel, a working solution of DMEM supplemented with 10% (v/v) FBS,
0.1% (w/v) RF, and Tris-HCl 0.1 M was prepared and adjusted to a pH of 8.5 by dripping
NaOH 5M slowly. Resuspended ChiMA was mixed at a 1:1 volume ratio with the working
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solution, thus accounting for the GO-free formulations (ChiMA2% and ChiMA3%). For a
GO-laden hydrogel, the nanomaterial was dispersed at 1 mg/mL in the working solution
before forming the mixture (ChiMA3%GO) [53]. The overall process is shown in Figure 3.
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Figure 3. General methodology employed for the development of the bioadhesive. (A) Functional-
ization and sterilization of chitosan methacrylate (ChiMA). (B) Preparation of the bioadhesive with
graphene oxide (GO) and riboflavin. (C) Evaluation of the adhesive potential under wet conditions.

Hydrogels were loaded into 3 mL syringes and manually ejected through a 21-gauge
needle to assess their potential to form continuous filaments during extrusion. After depo-
sition, samples were irradiated for 10 min at 62 mW/cm2 with blue light (420–460 nm) to in-
duce covalent crosslinking of methacryloyl groups in the main backbone of ChiMA [24,53].

2.5. Rheological Evaluation

Experiments to evaluate the rheological behavior of bioadhesive samples were per-
formed in a Discovery Series Hybrid Rheometer-1 (TA Instruments, New Castle, DE, USA)
using a parallel plate geometry with a 20 mm gap. Changes in both the storage (G′) and loss
(G′ ′) moduli of photocrosslinked samples were assessed through flow, frequency, time, and
temperature sweeps. The flow sweep experiments were conducted from 0.01 to 100 Hz at
1% strain and room temperature. Frequency sweep experiments were performed between
0.01 and 100 rad/s at room temperature. Last, coupled time/temperature sweep experi-
ments were carried under oscillatory mode, with a constant strain of 1% and 10 rad/s with
a temperature ramp of 20 ◦C/min between 15 ◦C and 37 ◦C. Shear-thinning properties of
the hydrogels were estimated by fitting the viscosity (η) vs. shear rate (γ) data to the power
law model (Equation (1)):

η = Kγn−1 (1)

2.6. GO Dispersion

The nanomaterial’s self-fluorescence at 405 nm was imaged through confocal mi-
croscopy to evaluate GO dispersion within the hydrogel. ChiMA3%GO samples were
imaged at 20× with an FV1000 Confocal Microscope (Olympus, Tokyo, Japan), and particle
count and area were then analyzed aided by ImageJ® software. The spatial distribution of
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GO sheets within the nanocomposite hydrogel was determined by a Z-stack reconstruction
of images captured at different depth positions [53].

2.7. Morphological Analysis of Hydrogels

The polymeric microstructure of the hydrogels was imaged before and after pho-
tocrosslinking via scanning electron microscopy (SEM). ChiMA3%GO samples were im-
aged at 500× and 1500× magnification with a JSM 6490-LV microscope (JEOL, Tokyo,
Japan) under vacuum conditions and a 20 kV accelerating voltage. Pore size distribution
was determined with the aid of ImageJ® software.

2.8. Qualitative Adhesion Test

The adhesion potential of the hydrogels was qualitatively assessed by bonding bone
samples in a buffer simulating physiological conditions. Bovine femur fragments were
washed by being immersed in PBS 1 × with media changes every 2 h. After 6 h, fragments
were dried, cut into cube-shaped specimens, and stored at 4 ◦C until further use. Then
500 mL of the hydrogels were deposited and photocrosslinked between two bone specimens.
The bonded hydrogel–bone complex was then immersed in PBS 1×, incubated at 37 ◦C,
and checked daily until bone samples were fully detached.

2.9. Mechanical Adhesion

The mechanical adhesion of the hydrogels was evaluated through the tensile testing
of adhesive butt-joint specimens. Bovine femur fragments were washed by immersion
in PBS 1X with media changes every 2 h. After 6 h, fragments were dried and cut into
dog bone-shaped specimens with a Dremel 4000 moto tool (Bosch Power Tools, Stuttgart,
Germany). These specimens were then shopped in half at the center of their longitudinal
axis and stored at 4 ◦C until further use. The viable bonding area of the specimens was
determined from microscopy images. Then 500 µL of the hydrogels were deposited and
photocrosslinked between the two half-dogbones to assemble the butt-joint specimen.
Tensile testing was conducted in a planar uniaxial machine (Bose, Electroforce) with a
500 N load cell at a constant displacement rate of 0.1 mm/s [54].

2.10. Texture Analysis

The firmness of the hydrogels was evaluated with a TA.HDplusC texture analyzer
(Stable Micro Systems, Godalming, UK) before and after sample irradiation. Hydrogels
were molded into 20 mm diameter and 25 mm height cylinder-shaped constructs. This test
measured compression force at a 1.0 mm/s speed and 15 mm penetration length using a
10 mm cylindrical probe [49].

2.11. Swelling and Degradation

Deposited samples of the hydrogels were weighted, immersed in DMEM supple-
mented with 10% (v/v) FBS, and incubated at 37 ◦C. For swelling, sample weight was
monitored every 12 h until no further increase in weight was observed. For degradation,
sample weight was monitored every 12 h from maximum weight until the hydrogel was
fully dissolved in the medium. The percentage of swelling and degradation was estimated
following Equation (2):

Swelling or degradation (%) =
W f −W0

W0
× 100% (2)

2.12. Hemolysis and Platelet Aggregation

To assess the hemolytic activity of hydrogels, blood samples from a healthy donor
were collected in EDTA tubes and centrifuged at 1800 RPM for 5 min to separate the
plasma and replace it with PBS. This procedure was repeated until a purified erythrocyte
precipitate was obtained. Then 100 mL of a 10% (v/v) PBS-diluted erythrocyte solution
was mixed with 100 mL of each extract and incubated for 1 h at 37 ◦C. The samples were
then centrifuged at 3000 RPM for 5 min, and 100 mL from the supernatant was seeded
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by triplicate in a 96-well microplate and read at 450 nm in a Multiskan FC microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA). Triton 100-X and PBS 1X were used
as positive and negative controls, respectively. The percentage of hemolytic activity was
estimated following Equation (3):

Platelet aggregation(%) =
Abss − Abs(−)

Abs(+) − Abs(−)
× 100% (3)

For platelet aggregation, blood samples from a healthy donor were collected in sodium
citrate tubes and centrifuged at 1000 RPM for 15 min to retrieve the platelet-rich plasma
(PRP). Then 100 mL aliquots of each hydrogel were seeded by triplicate with 100 mL of
PRP in a 96-well microplate and left under agitation for 1 h. The unaggregated platelets in
the supernatant (100 mL) were removed and seeded in a separate microplate with 10 mL of
Triton 100-X and left under agitation for 15 min. This microplate was then centrifuged at
1000 RPM for 15 min, and 50 mL of each well was transferred to another microplate. Finally,
50 mL of LDH reagent was pipetted into each of the microplate wells, and the absorbance
was then read at 493 nm in a Multiskan FC microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA). Platelet aggregation was estimated by comparing absorbances to an
LDH calibration curve.

2.13. Cytotoxicity

The cytotoxicity of the hydrogels was determined by an indirect contact assay with
MTT. First, hydrogel samples were mixed with FBS-free OBM at 25% (v/v) and incubated
for 4 h at 37 ◦C. Extracts for the assay were obtained by collecting the supernatant of the
centrifuged mixtures and preparing dilutions at 25%, 12.5%, 6.25%, 3.13%, and 1.56% (v/v).
Parallelly, 100 µL of NHOst cells was seeded in a 96-well culture plate at a density of
1 × 106 cells/mL and incubated at 37 ◦C and 5% CO2 for 24 h. Culture media were then
removed and replaced with FBS-free OBM. Hydrogel extracts were added by triplicate to
cell-seeded wells, and the culture plate was then incubated at 37 ◦C and 5% CO2 for another
48 h. Then 10 µL of MTT (5 mg/mL) was added to each well, and cells were incubated
at 37 ◦C and 5% CO2 for 2 h. The culture medium was removed, and 100 µL of DMSO
was added to dissolve the formed formazan crystals. Absorbance was read at 595 nm in a
Multiskan FC microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) [55]. The
MTT assay was also performed on Vero cell cultures.

2.14. Finite Element Analyses of Bioadhesive-Repaired Bones

Finite element analyses were performed in the software Abaqus/CAE® (Dassault
Systemes, Vélizy-Villacoublay, France) to simulate the stress distribution experienced by
bioadhesive-repaired femurs during movement. Injured bones were modeled by generating
transverse and oblique ruptures on a reconstruction of the distal epiphysis of the femur
(obtained from the Embodi 3D repository) in the 3D Slicer® software (The Slicer Community,
Boston, MA, USA). To assure mesh convergence, 127,118 and 156,861 C3D4 tetrahedral
domain elements were built in the software Ansys® ICEM CFD (Ansys, Canonsburg, PA,
USA) for transverse and oblique ruptures, respectively. As an initial resting state, a vertical
load of 571 N was distributed over 24 nodes in the medial end of the femur to simulate the
patient’s body weight. Additionally, 16 nodes were distributed over the distal end of the
femur to represent articular constraints.

The built models were subjected to two kinds of movements: internal rotation of the
knee, and momentum from the hip (Figure 4). To simulate knee rotation, a rotational load of
5 N was distributed over 20 nodes in the internal and external flanks of the femur. Similarly,
a load of 5 N was exerted diagonally (y+, z−) over the same nodes to simulate hip momen-
tum. The distributions of minimum principal, maximum principal, and von Mises stresses
were evaluated for each model. All the simulations were performed with parameters either
recovered from the mechanical experiments conducted here or reported for commercial
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bone cements. Supplementary Table S1 summarizes the mechanical properties of bone
tissue, the hydrogel nanocomposite bioadhesive, and bone cement [56,57].
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2.15. Statistical Analysis

All experimental data were collected in triplicate, for which mean and standard
deviation were calculated. Statistical analysis was performed using two-way ANOVA and
Tukey’s test for pairwise comparison in GraphPad Prism (GraphPad Software Inc, San
Diego, CA, USA). p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Chemical Functionalization of Chitosan

The chemical modification of chitosan was confirmed by changes in the FTIR spec-
trum of ChiMA (Supplementary Figure S1), as the presence of peaks at 1680 cm−1 and
670 cm−1 corresponded to the C=O stretching and C=C bending vibrations present in the
amide-bound methacryloyl groups [58,59]. Peaks at 1580 cm−1, 1410 cm−1, and 2950 cm−1

represented N–H bending, O–H bending, and C–H stretching vibrations, attributed to the
glucosamine and N-acetylglucosamine monomers of chitosan [60,61].

XPS survey spectra for the Chitosan sample and ChiMA samples for 1:1, 1:2, and 1:4
molar ratios are shown in Supplementary Figure S2A. The major peaks could be associ-
ated with C1s, N1s, and O1s signals, and there was no evidence of chitosan degradation
caused either by the XPS setup conditions or the chemical modification process. After this,
high-resolution spectra for C, N, and O elements were recorded on the pristine sample
and the modified ones under the same setup conditions. The decomposition peaks and
corresponding fitting curves for each element and the samples are shown in Supplementary
Figure S2B. For the case of C1s, the signal was decomposed into three sub-peak components.
The first at lower energy values could be assigned to C–C, C=C, and C–N bonds, the next
to C–O– and C–O–C bonds, and the last, at higher energy values to –O–C–O– bonds. For
the case of N1s, the signal was also decomposed into three sub-peak components. The first
at lower energy values could be assigned to –C–N– bonds, the next to –O–N–C– bonds,
and the last to ionic NH+ species, in a good agreement with functional groups existing
for chitosan and ChiMA samples. Finally, the O1s signal could be resolved into two sub-
peak components attributed to C=O at low binding energy values, and C–O–C or other
chemisorbed –C–O– species at higher ones. Results confirmed the successful conjugation
of methacryloyl groups in the polymeric backbone of chitosan with the highest yield ob-
tained for the 1:2 ChiMA sample. Moreover, for the elemental analysis quantification, the
Relative Sensitivity Factors (RSF) were used to scale the measured peak areas, and the
N1s peak area of the 75% deacetylated chitosan sample was selected for a stoichiometric
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calculation after considering that adventitious carbon is comparative for all samples. The
calculated elemental composition of the chitosan and ChiMA samples is summarized in
Table 1. Notably, the carbon contents in chitosan seemed to be higher than expected due
to the presence of acetyl groups after the required dissolution of chitosan in 1% v/v acetic
acid before conducting the conjugation reaction. The ChiMA 1:1 sample showed a small
unidentified sub-peak component at lower binding energy values for C1s and N1s, which
can be attributed to surface charge compensation artifacts during the XPS run, which was
neglected for the calculations. The increments in the sub-peak components of carbonyl and
amide groups relative to unmodified chitosan are summarized in Table 2. These findings
are consistent with previous reports in the literature and support the notion that the 1:2
ratio provides the highest methacrylation level [41].

Table 1. Surface chemical analysis and elemental composition (%) of the chitosan and ChiMA 1:1, 1:2,
and 1:4 samples. Details of C1s, N1s, and O1s decomposed peaks and related binding energies (BE)
and FWHM values.

Sample Peak BE (eV) FWHM Corrected
Area RSF Ratio (%)

ChiMA N1s
398.83
399.55
400.98

1.08
1.04
1.84

842 6.10

C1s
284.57
286.07
287.78

1.16
1.43
1.31

8594 62.28

O1s 531.58
532.44

1.36
1.4 4835 31.62

ChiMA 1:1 N1s
398.78
399.42
401.09

1.25
1.34
2.19

698 6.61

C1s
284.56
285.97
287.57

1.28
1.41
1.29

5884 55.71

O1s 530.93
532.16

1.89
1.51 3980 37.68

ChiMA 1:2 N1s
398.91
399.53
401.45

1.46
1.63
1.43

728 7.59

C1s
284.67
286.21
287.82

1.42
1.42
1.49

5390 56.17

O1s 531.62
532.53

1.85
1.41 3478 36.24

ChiMA 1:4 N1s
398.69
399.41
401.22

1.43
1.36
1.69

864 7.36

C1s
284.54
286.10
287.68

1.43
1.41
1.33

6827 58.16

O1s 531.35
532.39

1.78
1.41 4048 34.48

ChiMA: chitosan methacrylate.

Table 2. Semi-quantification of sub-peak component variation (%) for carbonyl and amide groups in
ChiMA samples with respect to the pristine chitosan.

ChiMA 1:1 ChiMA 1:2 ChiMA 1:4

Carbonyl sub-peak (D%) 24 30 16
Amide sub-peak (D%) 17 21 12

ChiMA: chitosan methacrylate.
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3.2. Synthesis of Graphene Oxide

The correct synthesis and oxidation level of GO were confirmed by FTIR, Raman
spectroscopy, TGA, and TEM analyses, as shown in Figure 5. The FTIR spectra (Figure 5A)
proved the correct oxidation of graphite, as GO exhibits multiple peaks related to oxidative
functional groups [62,63]. Peaks at 3392 cm−1 and 1226 cm−1 corresponded to O–H and
C–OH stretching, while peaks at 1740 cm−1 and 1050 cm−1 represented C=O stretching
and C–O bending, respectively. The peak at 1620 cm−1 could be attributed to C=C aromatic
stretching. The absence of peaks near 1250 cm−1 confirmed that the material was not
partially reduced into reduced graphene oxide (rGO) [50,62–64].
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The Raman spectrum (Figure 5B) of graphite presented strong G and 2D bands at
1570.8 cm−1 and 2705.1 cm−1, while the spectrum of GO showed strong G and D bands at
1588.9 cm−1 and 1345.8 cm−1 [65,66]. The G band, which relates to the sp2 hybridization in
carbon, most likely shifted to 1588.9 due to the oxidation of graphite [65]. Similarly, the
noticeable growth of the D band, which results from vacancies or dislocations that disrupt
sp2 carbon layers, suggests the transition of some carbon atoms in graphene to and sp3
hybridization to accept functional groups [67]. The I(D)/I(G) ratio for GO corresponded to
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1.03, which was most likely due to a high oxidation level [64]. Furthermore, the weakening
of the 2D band can be explained by breaking the stacking order along the c-axis in graphite
due to the oxidation reaction, thus confirming the high level of oxidation in the synthesized
GO [64]. Similarly, the I(2D)/I(G) ratio for GO corresponded to 0.4, demonstrating the
graphene-like structure of the synthesized material [68].

The TGA thermogram of GO (Figure 5C) presented three noticeable weight losses.
A first weight loss of 13.6% from room temperature to 100 ◦C could be attributed to the
evaporation of bound water. A second weight loss of 32.24% between 100 and 200◦ could
be attributed to removal of oxygen-rich species such as C–O, C–OH, and C=O, further
confirming the high level of oxidation of the synthesized GO [69,70]. The TEM micrograph
of GO nanosheets (Figure 5D) demonstrated the characteristic flake-like structure of the
material [71]. Different levels of opacity in the image revealed non-uniform stacking of
multiple GO layers. Regions of higher transparency indicated thinner films, while darker
regions indicated greater stacking [72]. Moreover, the disordered and unwrinkled structure
of the GO sheets could be attributed to the high abundance of oxygen-rich functional
groups on the surface [73].

3.3. Rheological Evaluation

Three potential formulations for the bioadhesive were successfully prepared: ChiMA2%,
ChiMA3%, and ChiMA3%GO. These hydrogels presented an apparent homogeneous
consistency and integrity, suggesting the materials’ potential to endure mild alkaline pH
adjustments instead of regular chitosan, which deprotonates and aggregates into insoluble
clusters [51]. Consequently, all formulations allowed extrusion through a 21-gauge blunt
needle, although only ChiMA3% and ChiMA3%GO could form continuous filaments, while
ChiMA2% dripped ununiformly, forming drops due to low viscosity and, consequently,
lack of consistency (Figure 6A).

Figure 6B–E present the changes in the storage modulus (G′) and loss modulus (G′ ′)
of the hydrogels when subjected to different stimuli. The flow, temperature, and frequency
experiments were performed on irradiated samples, as exposure to blue light (Figure 6C)
significantly improved both moduli, favoring mechanical stability and a solid-like behav-
ior [51,60]. The flow sweep (Figure 6B) shows that the hydrogels exhibited lower viscosity at
higher shear rates, characteristic of pseudoplastic fluids. This shear-thinning behavior could
be further confirmed by the power-law fittings, shown in Supplementary Figure S3, yield-
ing values of n < 1 for all formulations [60,74]. Moreover, temperature increments between
15 ◦C and 37 ◦C (Figure 6D) caused a slight decrease in both G′ and G′ ′, implying that less
energy was required for deformation and thus suggesting the weakening of crosslinking
bonds [75,76]. However, according to an ANOVA one-way test, these temperature-induced
changes in the moduli were non-statistically significant (p-value > 0.9999). Furthermore,
the frequency sweep test (Figure 6E) showed that both moduli were frequency-dependent,
as evidenced by the decrease of G′ and the increase of G′ ′ with increasing angular frequency.
Hydrogels maintained a predominant solid-like behavior until G′ crosses G′ ′ (gel point),
after which they acquired a predominant liquid-like behavior [77].

In general, all hydrogels presented a higher G′ and a lower G′ ′, confirming the mate-
rial’s potential to store deformation energy with small amounts of dissipation from internal
friction [60]. The ChiMA2% formulation yielded low G′ and G′ ′, suggesting that ChiMA’s
concentration was insufficient to form a mechanically stable polymer network. In contrast,
ChiMA3% presented desirable values for both moduli, exhibiting a sustained response to
the studied stimuli. ChiMA3%GO yielded the highest G′, confirming that the addition of
GO to the hydrogels significantly improves their mechanical strength, however potentially
compromising their swelling capacity [78].
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Figure 6. (A) Manual injection of the hydrogels through a 21-gauge needle. (B) Flow sweep of
photocrosslinked samples. (C) Time sweeps before and after blue-light photocrosslinking. (D) Tem-
perature sweep of photocrosslinked samples between 5 ◦C and 37 ◦C. (E) Frequency sweep of
photocrosslinked samples.

3.4. GO Dispersion and Morphological Structure of the Hydrogels

Dispersion of GO in the ChiMA hydrogel matrix was observed in Z-stack reconstruc-
tions from confocal microscopy images. As evidenced in Figure 7A,B, the nanomaterial’s
dispersion was limited by its own aggregation, as the particle area distribution exhibited
a right tail centered at 0.386 µm2, but with agglomerates as large as 566.805 µm2. To ad-
dress this issue, we sought to promote the adsorption of hydrophilic serum proteins from
culture media to the surface of GO nanosheets, as proposed by Rueda-Gensini et al. [53].
Thus, GO was mixed with FBS-supplemented DMEM before its addition to the ChiMA
pre-gel, yielding the homogeneous dispersion presented in Figure 7C,D. In this case, the
particle area distribution exhibited a right tail centered at 0.024 µm2 with agglomerates as
large as 44.640 µm2, which corroborates a much higher dispersion of GO in the ChiMA
hydrogels [53].

Similarly, the morphology of the polymeric matrix in the ChiMA3%GO hydrogel was
observed before and after photocrosslinking via SEM, as shown in Supplementary Figure S4.
Under the effect of blue light, riboflavin degrades and generates free radicals that destabilize
the alkene bonds in ChiMA, thus inducing covalent crosslinking between adjacent strands
and causing the microstructure to collapse into smaller pores [74]. Differences in size
were visually perceptible and statistically significant, as pore diameter varied between
2.9 µm and 28.2 µm, with a mean of 13.4 µm for non-irradiated samples. In comparison,
irradiated samples varied from 0.4 µm to 12.7 µm with an average of 3.3 µm. However,
crosslinked samples also exhibited an uneven microstructure, which could be attributed to
the formation of imine bonds between GO and the free amine radicals in unmethacrylated
units of N-acetyl glucosamine [51,79,80].
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3.5. Mechanical and Adhesion Evaluation

The results for the qualitative and quantitative evaluation of the hydrogels’ adhesion
are presented in Figure 8. Initially, adhesion was qualitatively assessed by bonding two
bone fragments in a buffer simulating physiological conditions. The ChiMA3% hydrogel
maintained adhesion under wet conditions for only ten days, while the ChiMA3%GO
hydrogel successfully maintained bonding for over two weeks. Moreover, this hydrogel
progressively darkened for days, thus reflecting GO’s reduction in the warm environment
(Figure 8A). Further texture analysis was performed with the hydrogels encompassing
hardness, compressibility, cohesiveness, and adhesiveness measurements. Hardness, de-
termined as the maximum peak force during the first compression cycle, was studied
to estimate the required force to produce deformation of the gels [81]. As evidenced in
Figure 8B, ChiMA3%GO samples yielded significantly higher values (p < 0.01) than the
ChiMA3% samples, confirming GO’s contribution to the structural stability of the hydro-
gels. Moreover, hardness was significantly improved by the crosslinking stimuli, mainly
by GO’s reduction during incubation. This shift from low to high hardness is a desirable
behavior, as it indicates that unstimulated samples will be easily spreadable, while after
stimulation, the hydrogel will be retained on the surface [82]. The hardness of ChiMA3%
was null after two-weeks of incubation because of the sample degradation. Compressibility
(Figure 8C) was estimated as the work required to deform the material during the first com-
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pression [81]. This property was significantly enhanced by irradiation and incubation for
the ChiMA3%GO samples, favoring the material’s potential to endure greater compression
loads. Once again, the shift from low to high values increased spreadability and resistance
before and after irradiation, respectively [81]. The differences between the GO-free samples
were non-statistically significant.
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dose-dependent hemolytic activity, its incorporation into a biocompatible polymer matrix 
such as chitosan might have helped reduce such a tendency [86,87]. Similarly, platelet 
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(A) Qualitative adhesion of bone specimens at 0, 7, and 12 days. (B) Hardness, (C) compressibility,
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(F) Tensile strength of butt-joint specimens. (G) Swelling and degradation of the hydrogels.
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Cohesiveness reflects the reconstruction ability of gels after application and was
determined as the ratio of the area under the force–time curve on the second compression
cycle to that produced on the first one (Figure 8D) [81]. The addition of GO into the
hydrogel significantly improved the material’s cohesiveness, thus favoring its manipulation.
However, cohesiveness was reduced during both crosslinking stages, limiting the structural
recovery of the samples [83].

Adhesiveness represents the work required to overcome the attractive forces between
the surfaces of the hydrogel and the probe and was estimated as the negative force area
for the first compression cycle (Figure 8E) [81]. The addition of GO significantly increases
the hydrogel’s stickiness, thus improving its chances of remaining attached to the surface
of bones [84]. Although this property was partially reduced after crosslinking, it was
largely recovered after incubation. This final improvement of adhesiveness suggests that
the hydrogel’s application could potentially shorten the treatment length and improve
patient compliance [85].

Finally, a mechanical tensile test was made to evaluate the adhesive’s performance
over butt-joined specimens. As evidenced in Figure 8F, ChiMA3% can withstand 5 N
loads. At the same time, ChiMA3%GO can endure over 8.5 N. These values are well within
the range reported for other bioadhesives and further confirm that the addition of GO
significantly improves ChiMA’s capacity to bear tensile loads.

3.6. Swelling and Degradation

Figure 8G shows the swelling and degradation profiles of both hydrogels under the
simulated physiological conditions. Although limited, both hydrogels achieved their
maximum swelling capacity within the first hour, yielding maximum differences of 10.73%
for ChiMA3% and 5.06% for ChiMA3%GO. Similarly, results showed that over 50% of the
ChiMA3% hydrogel was degraded within two weeks, while the ChiMA3%GO hydrogel
seems unaffected by exposure to the medium. These results support the notion that the
addition of GO into the ChiMA matrix enhances its mechanical stability, although at the
expense of its swelling capacity. However, although this limited swelling restricts the
potential of loading functional molecules within the microstructure’s pores, immobilization
or adsorption on the GO’s surface could be alternatively exploited for controlled drug
delivery in future applications.

3.7. Hemolysis and Platelet Aggregation

Both hydrogels presented a non-hemolytic behavior, as the hemolysis percentage
approached 1% for ChiMA3% and 2% for ChiMA3%GO (Figure 9A). Despite GO’s reported
dose-dependent hemolytic activity, its incorporation into a biocompatible polymer matrix
such as chitosan might have helped reduce such a tendency [86,87]. Similarly, platelet aggre-
gation was estimated to be 28.89% for ChiMA3% and 20.48% for ChiMA3%GO, implying
that they can both be classified as intermediate aggregates (Figure 9B). Aggregation is favor-
able for bone regeneration, as platelets promote migration and proliferation of osteogenic
cells, increase blood vessel formation, and induce inflammatory reactions [88,89]. Although
higher aggregation was expected, recent reports have suggested that methacryloyl mod-
ifications may inhibit platelet aggregation by overshadowing the polymeric backbone
of chitosan [90,91].

3.8. Cytotoxicity

Results from the MTT assays revealed that the hydrogels exhibited promising cyto-
compatibility (Figure 9C,D). None of the evaluated concentrations yielded cell viability
levels below 50% after 24 h and 30% after 72 h for the NHOst cells. Moreover, viability
increased as sample concentration decreased, reaching over 80% for 6.3% (v/v) concentra-
tions and below. This sharp shift in viability suggests that the material induces cytotoxicity
in a dose-dependent manner. In addition, microplate in vitro assays may broadly predict
material–cell culture interactions but fail to represent clearance phenomena, and thus
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some hydrogel components such as riboflavin may accumulate in a non-representative
population of cells [92]. Importantly, viability appeared to be enhanced in samples with
GO, suggesting that its addition may impede the diffusion and accumulation of riboflavin
in the culture medium. This can happen both by ChiMA3%GO’s smaller porosity and
ChiMA3%’s unrestricted degradation. Similar results were obtained for the Vero cell
cultures (Supplementary Figure S6).
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3.9. Simulations

Simulation results for the knee rotation and hip momentum models are shown in
Figures 10 and 11. The transverse lesion (Figure 10A) showed increased values for the min-
imum principal (9.88%) and maximum principal (1.18%) stresses and a decrease in the von
Mises stress (−5.28%). In contrast, the oblique lesion in knee rotation (Figure 10B) yielded
increased values for the minimum principal (1389.76%), maximum principal (17.98%), and
von Mises (554.55%) stresses with respect to the commercial bone cement. Additionally,
the transverse lesion in hip momentum (Figure 11A) yielded a decrease in the minimum
principal (−5.67%), maximum principal (−5.34%), and the von Mises (−0.79%) stresses. On
the contrary, the oblique lesion (Figure 11B) exhibited increased values for the minimum
principal (467.76%), maximum principal (58.68%), and von Mises (279.35%) stresses.
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Figure 10. Distribution of tensile and compressive forces over ChiMA3%GO- and bone cement-
repaired femurs under the effect of internal knee rotation. Maximum principal, minimum principal,
and von Mises stresses are shown for (A) the transverse lesion and (B) the oblique lesion.

The obtained results revealed that the femur distribution of tension and compression
forces was similar for both treatments. However, during internal rotation, the presence of
the bioadhesive led to a more uniform distribution when compared with the bone cement,
thereby avoiding the generation of stress concentrators. The absence of such areas prevents
ruptures in the bonding material, which favors the adhesion’s endurance. Moreover,
by generating a more uniform distribution of loads, the bioadhesive can enhance the
healing process by enabling the continuous transmission of forces and mechanical signals
between the cells present in the bonded bone segments [93]. Young’s moduli differences
explain changes in the distribution of tension and compression forces between the two
treatments. The bioadhesive’s relative improved elasticity can be beneficial for bone repair,
as it prevents stress shielding. This phenomenon arises from tissue adaptation to reduced
loads and leads to bone density loss [94]. By putting these results together, it is possible to
confirm the bioadhesive’s suitability for bone tissue repair applications.
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4. Conclusions

Here, we put forward a ChiMA/GO photoresponsive and adhesive nanocomposite
hydrogel to overcome major issues of conventional bone adhesives, i.e., low biocompatibil-
ity, poor performance under physiological conditions, difficult applicability, and limited
possibilities for tuning mechanical properties in situ. Addition of GO to ChiMA hydrogels
led to improved mechanical integrity and resistance, which were crucial for withstanding
bone-to-bone adhesion in a simulated physiological medium for over two weeks. XPS
and FTIR analyses along with SEM images allowed us to correlate photo-crosslinking by
short blue light exposure at room temperature, with key performance attributes such as
pseudoplastic response, superior textural properties, and tensile resistance of about 8.5 N.
Cytocompatibility assays corroborated cell viability levels above 80% for concentrations
below 6% (v/v) of the hydrogel. The material showed intermediate platelet aggregation,
which is advantageous for enhanced tissue regeneration. In addition, the hydrogels exhib-
ited hemolytic tendencies well below 5%. In addition to these major attractive attributes,
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we demonstrated that the materials could be spread easily on surfaces and tended to
remain attached to them. Finally, in silico studies showed the superior performance of
the bioadhesives in femur fractures when compared to a commercially available cement
for both oblique and transverse lesions. This was attributed to the hydrogel’s ability to
distribute the applied loading more uniformly. Even though the developed formulations
incorporated relatively well exfoliated GO, future work should focus on maximizing the
dispersion, as it has been demonstrated to be a key parameter to assure a much higher
material stability. This is a critical attribute, as it directly impacts load distribution and
resistance to wet conditions, and the possibility for more uniform bone repair processes
enabled by osteoinduction/osteoconduction induced by GO distributed homogeneously at
the bone-to-bone interfaces.

We are confident that the results put forward here pave the way for developing new
functional nanocomposite hydrogels for applications in orthopedics. Next steps will be
dedicated to exploring the treatment of bone lesions in vivo. This will be a major milestone
to assure moving from the bench to the bedside in the near future.
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Abstract: In order to identify new sustainable sources for producing cellulose nanofibers (CNFs),
fast-growing poplar (Populus alba L.) wood was evaluated herein. For that purpose, bleached poplar
kraft pulp was produced and submitted to TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)
mediated oxidation (TEMPO-ox) chemical pretreatment followed by microfluidization. The resulting
CNFs were thoroughly characterized, including a rheological study at different pH values. Poplar
CNFs showed properties comparable to eucalypt CNFs (reference material for CNFs production),
showing high carboxylate content (1048 ± 128 µmol g−1), fibrillation yield (87.3% ± 8.1%), optical
transmittance (83% at 700 nm) and thermal stability (up to more than 200 ◦C). Regarding the rheo-
logical study, whereas pH from 4 to 10 did not produce significant changes in rheological behavior,
a reduction of pH down to 1 led to an order-of-magnitude increase on the viscoelastic functions.
Therefore, poplar CNF shows potential in the pH-sensitive hydrogels application field. Finally, the
possible ecotoxicity of poplar CNF was assessed. The decrease in cell viability was very low so that
only concentrations causing a 10% cytotoxicity could be calculated for the assay detecting alterations
in cell metabolism (10 µg mL−1) and plasma membrane integrity (60 µg mL−1).

Keywords: cellulose nanofibers; chemical pretreatment; cytotoxicity; nanocellulose; Populus alba L.;
rheology

1. Introduction

The search for new and abundant sources of lignocellulosic biomass to supply biore-
fineries, for bioproducts and biofuels production, is currently on the rise in order to
eliminate our dependence on fossil fuels [1]. In this context, the Short Rotation Coppice
system (SRC) is one of the most effective options for producing lignocellulosic biomass.
One of the advantages of the SRC system, from a logistic point of view, is its tendency
to be localized, in space and time [2]. Among the raw materials suitable for obtaining
biomass through SRC are species within the genus Populus [3]. Moreover, these species
show a hardness and plasticity suitable for growing in marginal areas affected by salinity,
high temperatures and dry climates, such as Mediterranean conditions [3]. These materials
have contents of 42–49% in cellulose, higher than in other hardwood such as eucalypt [4],
together with 16–23% in hemicellulose and 21–29% in lignin [5,6]. The high sugar content
of different species and hybrids of genus Populus has promoted their use as a source of
biomass in lignocellulosic biorefineries. For example, these raw materials have been used
to obtain fermentable sugars [5,6], from which bioethanol [7] and xylitol are produced [8].
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Moreover, different bioproducts such as activated carbon for water defluorination [9] or ad-
hesives [10] have also been obtained from its ligninolytic fraction. However, these materials
have scarcely been studied to produce cellulose-based products, such as nanocellulose.

Nanocellulose is currently in demand due not only to its specific properties, i.e., renew-
ably sourced, biodegradable, and biocompatible, but also to its excellent characteristics [11].
In particular, nanocellulose and more specifically cellulose nanofibers (CNFs) are character-
ized by properties such as transparency, low density, high mechanical resistance, thermal
and surface stability, and versatility of chemical modification [12]. These characteristics
make it an ideal material to be used in several applications such as paper; construction
materials; packaging; paints; medical applications; and flexible, printed electronics among
others [13–16].

CNFs form long, flexible fiber networks, which are composed of microfibrils with
a nano-size diameter that depends on the method used to obtain them [17]. CNFs can
be obtained by mechanical microfibrillation processes (using refiner, grinder, homoge-
nizer, microfluidizer, etc.) from cellulose pulp, although with high energy consumption.
Chemical, biological and mechanical pretreatments have been studied to reduce the en-
ergy consumption of the microfibrillation process in order to allow the implementation
of the CNFs production at an industrial scale [14]. Among the chemical pretreatments,
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical) mediated oxidation (TEMPO-ox)
has been selected as one of the most effective in reducing the energy consumption in
the further mechanical microfibrillation treatment. Under alkaline conditions, the system
TEMPO/NaBr/NaClO can oxidize the C6-primary hydroxyl groups found on the surface
of cellulose microfibers to carboxyl groups [18]. To carry out this reaction, only NaClO
and NaOH are consumed [19]. This reaction negatively charges the fibril surface creating
a repulsive effect between adjacent fibrils. Consequently, the efficiency of the separation
of the individual nanofibers is increased in the subsequent mechanical microfibrillation
treatment, reducing the energy consumed in the whole process [20].

Not only the technology used but also the starting raw material has a marked influ-
ence on the characteristic of the CNFs obtained [21]. Therefore, the search for new raw
materials as alternatives to traditional woody species (e.g., eucalypt, birch, pine, spruce,
etc.) used for CNFs production is a research line of interest to open even more the range of
applications of the CNF [14]. As it was mentioned before, to our knowledge, only a few
studies about CNFs production from different species and hybrids of genus Populus have
been reported and none of them have used poplar biomass obtained by SRC or TEMPO-ox
process as pre-treatment. For example, Qi et al. [22] have used poplar residues (branches)
taken from the suburbs of the city of TaiAn (China). Then, nanocellulose was produced
from chemically purified cellulose via combined mechanical treatments of grinding and
high-pressure homogenization. The nanocellulose obtained by these authors was applied in
the preparation of nanopaper. Zhao et al. [23] studied the thermostability of nanocellulose
obtained from poplar wood supplied by a pilot plant located in Jiangsu, China. These
authors produced nanocellulose from purified cellulose of poplar wood via mechanical
treatment with high pressure-grinding. Wu et al. [24] have studied the nanocellulose pro-
duction from poplar (Populus tomentosa) catkin fiber via sonication. Finally, Ibarra et al. [25]
produced microfibrillated cellulose from fast-growing poplar using a physical pretreatment
(PFI refining) before the microfibrillation stage, showing similar properties to that obtained
from a commercial industrial eucalypt pulp. Then, films from this microfibrillated cellulose
were produced with high mechanical properties and low wettability.

Considering all the above, the objective of this work is to prove the use of Populus alba L.
“PO-10-10-20”, an autochthonous genotype of Spain currently tested in SRC plantations for
biomass production, as a source for CNFs production. To this end, TEMPO-ox reaction as
pre-treatment and subsequent defibrillation in a high-pressure microfluidizer was used.
Resulting CNFs were thoroughly characterized (carboxylate content, fibrillation yield, opti-
cal transmittance and thermal stability), including X-ray diffraction and Fourier transform
infrared spectroscopy (FTIR). Moreover, an extensive rheological study modifying the pH
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of the CNFs was also carried out. Finally, the possible ecotoxicity of poplar CNFs was
also assessed.

2. Materials and Methods
2.1. Raw Materials and Chemicals

The autochthonous genotype of P. alba L., “PO-10-10-20”, was supplied by the Silvicul-
ture and Forest Management Department of INIA, CSIC (Madrid, Spain). The short rotation
planting protocol in Mediterranean conditions described in Sixto et al. [26] was used for
planting this genotype. The plantation was cut after three years of growth (first rotation)
and the resulting material was used to produce the CNF.

CNF from eucalypt was produced in previous work [21] and was used as a reference
hydrogel.

Sodium hypochlorite solution (NaClO), TEMPO, sodium bromide (NaBr), hydrochlo-
ric acid (HCl), sodium hidroxyde (NaOH), sodium sulfide (Na2S), were purchased from
Sigma–Aldrich (Steinheim, Germany) and magnesium sulphate (MgSO4), hydrogen perox-
ide (H2O2) and diethylenetriaminepentaacetic acid (DTPA) from Merck Life Science S.L
(Madrid, Spain).

For cell culture, in the cytoxicity analysis, L-Glutamine (200 mM), penicillin and
streptomycin (P/S) (10,000 U mL−1 each), trypsin-ethylene diamine tetraacetic acid (EDTA)
(200 mg/mL), and Eagle’s Minimum Essential Medium (EMEM) cell culture and non-
essential aminoacids, (NEAA) were purchased from Lonza (Barcelona, Spain). Phenol-
red free serum-free Minimum Essential Medium (MEM) was supplied by Gibco (Life
Technologies, Madrid, Spain). Among the reactants used for determining cytotoxicity,
AlamarBlue reagent and 5-carboxyfluorescein diacetate, acetoxy methyl ester (CFDA-AM)
and neutral red were purchased from Invitrogen (Madrid, Spain).

2.2. Bleached Pulp Production

P. alba L. “PO-10-10-20” chips were subjected to a kraft pulping process using a 15-litre
batch cylindrical reactor which incorporates a computer-controlled electric jacket heater. To
ensure proper agitation, the reactor was equipped with a rotating shaft. Pulping conditions
were as follows [27]: 17% active alkali, 20% sulphate (related to sulphur content), 170 ◦C,
120 min, and a liquid/solid ratio of 7:1. The resulting material from the pulping was
subjected to a wet disintegration process for 30,000 revolutions and then screened through
a 0.16 mm mesh.

After pulping, a standard industrial totally chlorine-free (TCF) bleaching sequence
consisting of OOQPoP was carried out, where O was a delignification stage with oxygen
(held twice), Q was a chelating stage, and Po and P were hydrogen peroxide bleaching
stages with or without oxygen, respectively. Conditions of both oxygen delignification
stages were: 6 MPa of oxygen pressure, 60 min, 98 ◦C, 0.5% MgSO4 o.d.p. (oven-dry pulp),
1.5% NaOH o.d.p., and 20% of consistency. The oxygen steps were carried out using the
same reactor described above for the pulping process. The chelating step was performed
using 0.3% DTPA at 85 ◦C for 60 min (pH 5–6). Finally, bleaching conditions in the first
hydrogen peroxide step was: 2% NaOH, 0.5% Na2Si2O3, 0.1% MgSO4 and 3% H2O2 for
140 min at 105 ◦C pressurized with oxygen at 6 kg cm−2 while the second step was carried
out using the same chemical reagents but during 180 min at 98 ◦C without pressure [28].
Pulps samples were washed after each stage using distilled water and stored at 4 ◦C.

2.3. CNF Production

The bleached pulp obtained from P. alba L. “PO-10-10-20”, was first subjected to a
demineralization process. For this purpose, 45 g of bleached pulp was soaked in a diluted
solution of HCl (4500 mL) at pH ∼2 for 20 min at room temperature with mechanical
stirring. Subsequently, the pulp was washed with distilled water repeatedly by filtra-
tion. For CNF production, the already demineralized pulp was subjected to an oxidation
process with TEMPO as described by [18]. Thus, the pulp was dispersed in a solution
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containing 0.016 g/g o.d.p. of TEMPO and 0.1 g/g o.d.p. of NaBr to which a solution of
10 mmol/g o.d.p. NaClO was added maintaining the pH of the total dispersion at 10 by
adding 0.5 M NaOH, until no decrease in pH was observed. After that, the dispersion con-
taining the oxidized fibers was filtered and washed up to pH 7, adjusted to a 2% consistency
and stored at 4 ◦C. To obtain the final product (CNF), the resulting dispersion at 2% was
subjected to a mechanical process, passing three times by a high-pressure microfluidizer
(Microfluidizer M-110EH, Microfluidics Corp., Westwood, MA, USA) using interaction
chambers of 100 and 200 µm. Obtained CNF (referenced as poplar CNF) was stored at 4 ◦C.

2.4. Pulp and CNF Characterization
2.4.1. Chemical Composition

The procedure provided by The National Renewable Energies Laboratory [29] was
used to determine the chemical composition of poplar pulp and CNF. Thus, the analy-
sis of carbohydrates and lignin was carried out by means of acid hydrolysis. From the
liquid fraction resulting from the hydrolysis, carbohydrates were quantified by liquid
chromatography (HPLC) on an Agilent Technologies 1260 HPLC (Agilent, Waldbronn,
Germany) using an Agilent Hi-PlexPb column operated at 70 ◦C with ultrapure water as a
pumped mobile phase at a rate of 0.6 mL min−1. This HPLC was equipped with a refractive
index detector (Agilent, Waldbronn, Germany). On the other hand, the residual solid from
hydrolysis is denominated insoluble acid lignin (Klason lignin).

2.4.2. Fibrillation Yield

The determination of the fibrillation yield of poplar CNF was carried out by centrifu-
gation. For this purpose, a 0.1% CNF dispersion was centrifuged for 20 min at 4500 rpm in
order to separate the nanofibrillated material (present in the supernatant fraction) from the
partially or non-fibrillated one (sediment) as described by Besbes et al. [30]. The fibrillation
yield (nanofibrillated part) was calculated by Equation (1):

Yield (%) = 100 (1 − (Wp/Ws) (1)

where Wp is the weight of the dry sediment after centrifugation (g o.d.p.) and Wp is the
weight of the CNF sample before centrifugation (g o.d.p.). Mean values and standard
deviations were calculated from triplicates.

2.4.3. Optical Transmittance

To determine the optical transmittance of the sample, a 0.1% (w/v) dispersion of poplar
CNF was prepared in water. The transmittance was measured using a Lambda 365 UV—vis
spectrometer (PerkinElmer, Waltham, MA, USA) from 285 to 750 nm.

2.4.4. Polymerization Degree

The polymerization degree (DPv) of the pulp and the poplar CNF, was calculated
using the Mark–Houwink Equation (2):

µ = Kp × DPva (2)

where µ is the viscosity measured in the samples according to ISO 5351-2 using a cupri-
etilendiamine (CED) solution and where a and Kp are constant (0.80 mL g−1 and 1.70,
respectively) [31]. Mean values and standard deviations were calculated from triplicates.

2.4.5. Carboxylate Content

The conductometric titration method described by Fras et al. [32] with some mod-
ifications was used for the determination of the carboxylate content of the poplar CNF.
By means of an ion-exchange treatment, the sodium carboxylate groups present in the
sample were the first converted into free carboxyl. For this purpose, 0.10 g o.d.p. of the
sample was dispersed in 185 mL of a 1 mM NaCl solution by stirring under a nitrogen
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atmosphere for 30 min at 25 ◦C. By adding 0.1 M HCl the pH of the solution was adjusted
to <3. Subsequently, the titration was performed with the addition of 0.05 M NaOH at 30 s
intervals. A Crison GLP 31 conductivity meter (Crison, L’Hospitalet de Llobregat, Spain)
was used to measure conductivity. Equation (3) was used to determine the carboxylate
content of the sample:

Carboxylate content (mmol L−1) = c (V2−V1)/w (3)

where c is the concentration of NaOH (M), V1 and V2 are the volume of NaOH (mL)
consumed in the first and second point of intersection respectively, w is the dry weight of
the sample (g o.d.p.). Mean values and standard deviations were calculated from triplicates.

2.4.6. X-ray Diffraction (XRD)

The crystallinity of the poplar pulp and CNF was analyzed by X-ray powder diffraction.
The equipment used was Bruker D8 Advance (Bruker, Billerica, MA, USA) which was
equipped with a Cu anode (radiation CuKα) and a Ni filter. The preparation of the sample
for such an analysis requires the preparation of a film by casting. Equation (4) was used to
calculate the crystallinity index (CI) by the Segal method:

CI = [(I002−IAM)/I002]100 (4)

where IAM is the intensity at approximately 2θ = 18.5◦ attributed to the amorphous phase
and I002 is the intensity of the (002) reflection.

Using the reflection (002) according to the Scherrer equation, the crystallite size t
was calculated:

t = k × λ/(β × cos θ) (5)

where λ is the radiation wavelength, k = 0.9 is the correction factor, θ is the diffraction angle
and β is the full width at half maximum.

2.4.7. Cytotoxicity Analysis

The stock suspension of CNFs (poplar CNF and eucalypt CNF used as reference)
were prepared following the NANOGENOTOX dispersion [33]. CNFs cytotoxicity was
studied in vitro by means of the topminnow fish hepatoma cell line (PLHC-1) obtained
from the American Type Culture Collection (Manassas, VA, USA). PLHC-1 was maintained
in EMEM (with NEAA and Na Pyruvate) supplemented with 1% L-glutamine, 1% P/S and
5% FBS at 30 ◦C with 5% CO2.

PLHC-1 cells were seeded in flat-bottomed 96-well plates (Greiner Bio-One GmbH,
Germany) at a density of 5 × 104 cells mL−1. Following 24 h, cells were exposed to a concen-
tration range of 0 to 256 µg mL−1 of CNFs (dilution factor 2) for 72 h. Although exposure
concentrations may not reflect environmentally realistic scenarios, the concentration range
chosen allowed us to construct the logistic curve from which inhibitory concentration (IC,
concentration causing a given percentage of cell growth inhibition) values were calculated.
Control wells were treated with medium or medium plus BSA. Sodium dodecyl sulphate
(SDS, 65.84 to 500 µM, dilution factor 1.5) served as a positive cytotoxicity control. At least
three independent experiments were carried out with a minimum of three replicates of
each CNFs concentration in each plate. Cell viability was measured through three different
cytotoxicity assays applied on the same set of cells according to a modified version [34,35]
of a protocol described by Dayeh et al. [36]. The three cytotoxicity assays were the Ala-
marBlue assay, informing about alterations in the cellular metabolism; the CFDA-AM
assay, which detects disruption of the plasma membrane integrity; and the Neutral Red
assay which reflects lysosomal misfunctioning. The experimental results were compared to
their corresponding control values using one-way repeated measures analysis of variance
(ANOVA; p < 0.05) followed by a post hoc Dunnett’s test.
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2.4.8. Thermogravimetric Analysis (TGA)

The thermogram of the dried poplar CNF was recorded from room temperature
to 600 ◦C by a steady rate of 10 ◦C min−1 under a nitrogen atmosphere in a Q-50 (TA
Instrument Waters, New Castle, DE, USA) apparatus.

2.4.9. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of poplar pulp and dried CNF were performed by using a JASCO
FT/IR 460 Plus spectrometer (Jasco Inc., Tokyo, Japan), equipped with an accessory single
reflection diamond. The spectrum was obtained within the range of 600 to 4000 cm−1

wavenumber at a resolution of 1 cm−1 and 400 scans.

2.4.10. Zeta Potential and Particle Size

Prior to these tests, a modification of poplar CNF was carried out by adding either
1M hydrochloric acid or 1M sodium hydroxide solutions in the case lower or higher
pHs were targeted, respectively. Then, both zeta potential and particle size were mea-
sured using a Zetasizer Nano series (Nano ZS, Malvern, UK) with CNF concentrations of
0.05% wt. The measurements were repeated at least three times, showing mean values and
standard deviations.

2.4.11. Rheological Characterization

The rheological properties of the pH-modified poplar CNFs were measured by small-
amplitude oscillatory shear (SAOS) and viscous flow tests. For that, frequencies from 0.03 to
100 rad·s−1 and increasing stepped shear rate ramps from 0.03 to 100 s−1 were respectively
applied in both the Rheoscope (Thermo Haake, Vreden, Germany) and the ARES (Rheo-
metric Scientific, Leaderhead, UK) rheometers. Rough plate–plate geometries of 20 and
25 mm diameter, respectively, and 1 mm gap were set as testing conditions. All rheological
measurements were performed twice, showing mean values and standard deviations.

3. Results and Discussion
3.1. Poplar CNF Composition

In this work, cellulose nanofibers (CNFs) were produced from P. alba L., “PO-10-10-20”,
an autochthonous genotype of the Mediterranean area. This material was planted follow-
ing the Short Rotation Coppice (SRC) system. The chemical composition of the samples
obtained at the third year of growth is shown in Table 1. P. alba L. “PO-10-10-20” raw mate-
rial showed a similar glucan content than other materials from genus Populus previously
studied [4,5,37]. Thus, Sannigrahi et al. [4] found a cellulose content of about 42–49% for dif-
ferent species and hybrids of poplar. In the same way, Ibarra et al. [5] referenced the glucan
content in different poplar clones between 41.4 and 46.3%; and Martín-Davison et al. [37]
between 35.5 and 40.4% for different poplar hybrids. With respect to hemicelluloses content,
these authors have described a content of 16-23% [4,5,37]. Similar hemicelluloses content,
22.7%, was observed in the case of P. alba L. “PO-10-10-20”. The presence of around 25%
of hemicelluloses has been reported to be beneficial for CNFs production, improving the
efficiency of nanofibrillation [38]. The reason behind this finding is that hemicelluloses,
mainly xylans, prevent microfibril aggregations by stabilizing the fiber suspension, which
improves further fibrillation. Moreover, hemicelluloses contribute to the swelling of the
fibers and this is one of the factors favoring the fibrillation process [20].

On the other hand, P. alba L. “PO-10-10-20” showed lower Klason lignin content (18.7%)
than those previously shown for several hybrids and poplar clones (21–29%) [4,5,37]. In
principle, this lower lignin content could also be beneficial for the use of this poplar material
in the production of CNFs, because when the lignin content of the starting material is higher
than 20%, the fibrillation yield decreases [39]. However, a residual amount of lignin is
necessary to ensure good fibrillation as the antioxidant capacity of such lignin prevents the
re-bonding of previously broken covalent bonds [40,41].
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Table 1. Chemical composition of P. alba L. “PO-10-10-20” and its corresponding bleached pulp
and CNF.

Extractives
(% o.d.p.)

Klason Lignin
(% o.d.p.)

Soluble Lignin
(% o.d.p.)

Glucans
(% o.d.p.)

Xylans
(% o.d.p.)

P. alba L. “PO-10-10-20” 6.3 ± 0.5 18.7 ± 0.1 4.0 ± 0.2 39.7 ± 0.4 22.7 ± 0.2
Bleached pulp - 0.8 ± 0.6 0.4 ± 0.3 74.0 ± 2.1 24.0 ± 1.9

CNF - 0.4 ± 0.3 0.2 ± 0.1 76.2 ± 1.7 16.0 ± 1.9

Mean values and standard deviations were calculated from triplicates.

Kraft cooking and TCF bleaching processes were applied to obtain a material with
the optimum quantities of lignin and hemicelluloses which favor subsequent fibrillation.
After these processes, a decrease in lignin content (resulting in a 0.8% of Klason lignin), an
increase in carbohydrates (reaching values of up to 74% in glucans and 24% in xylans), and
a total elimination of extractives were observed in the resultant bleached pulp (Table 1).
These values are very similar to those obtained by other authors using other kinds of
biomass (including eucalypt as reference material) and who subsequently obtained CNFs
with high yields [21,42–44].

Finally, as already demonstrated by other authors, during the TEMPO-ox reaction
used as pre-treatment to obtain CNF, a delignification occurs (due to TEMPO itself and
NaClO) together with a decrease of xylans [45,46]. This effect was observed herein for the
resulting CNFs (Table 1), reaching lignin and xylans values of 0.4% and 16%, respectively.
Consequently, the glucan content was risen up to 76.2%.

3.2. Poplar CNF Characterization

The degree of polymerization was measured for the pulp and CNF samples. A large
decrease in this parameter (86.5%) was observed for the CNF sample, reaching a DPv
value of 280 ± 81 vs. 2076 ± 51 found in the starting bleached pulp. Many authors
have observed this strong decrease in the polymerization degree due to either physical or
chemical pretreatments prior to microfluidization [18,47]. For example, for eucalypt, Fillat
et al. [21] found a reduction of 87.53% in DPv using TEMPO-ox reaction as a pretreatment.
However, Ibarra et al. [25] showed a reduction of 39% in DPv using physical pretreatment
(PFI mill) prior to the microfluidization step. Normally, the decrease observed in this
parameter is more pronounced in the case of TEMPO-ox reaction than in the physical
pretreatments. This is because in the physical pretreatments case the reduction of DPv
occurs due to shear forces generated during refining and microfluidization, while in the case
of chemical treatment there is also cellulose degradation caused by TEMPO-ox reaction [21].

Regarding nanofibrillation yield, poplar CNF showed a value of 87.3% ± 8.1%, indicat-
ing that almost all of the fibers in the starting material have been transformed to nano-sized.
The nanofibrillation yield values for CNFs obtained by chemical TEMPO-ox pretreatment
tend to be higher (80–100%) than those obtained when only physical processes are used
(10–60%) [21,25,44,47,48]. This is due to the fact that sodium carboxylate groups are formed
during the TEMPO-ox reaction. Then, the negative charges generated on the fiber’s surface
induce repulsive forces between them, favoring the subsequent microfluidization pro-
cess [20]. Therefore, the carboxylate content of CNF samples is an important factor which
exerts influence on the nanofibrillation yield [21]. In the case of poplar CNF, a carboxylate
content of 1048 ± 128 µmol g−1 was found. This value is similar to those reported by
other authors for CNF samples obtained from olive tree pruning (1038 µmol g−1), eucalypt
(1043 µmol g−1) and elm (1178 µmol g−1), using also a TEMPO-ox pretreatment [21,44].
However, when only physical processes were used to produce CNFs, the carboxylate
content values were lower than 100 µmol g−1 [44].

Nevertheless, the carboxylate content is not the only parameter that influences the
nanofibrillation yield. Thus, among the authors who used TEMPO-ox pretreatment, Fil-
lat et al. [21] showed values close to 96% in nanofibrillation yield for CNF obtained from
eucalypt, while Jiménez-López et al. [44] obtained a nanofibrillation yield of 100% with
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the same raw material and pretreatment. Therefore, the difference in the nanofibrillation
values found by these authors could be due to a higher number of passes in the microflu-
idizer [44]. On the other hand, Fillat et al. [21] found nanofibrillation yield values of 48% for
CNF obtained from a bleached olive tree pruning pulp using the same process (including
TEMPO-ox pretreatment and microfluidization). Therefore, not only the total applied
process (including both pretreatment and the fibrillation process and their conditions) but
also the starting material determines the nanofibrillation yield values of the resulting CNFs.

Optical transmittance is related to the light scattering of fibers with dimensions in
the visible light range. Thus, a transmittance of 100% corresponds to highly fibrillated
nanofibers [20,30]. From the wavelength scanning of the poplar CNF sample, lower trans-
mittance was obtained at 400 nm compared with 700 nm. This effect could be due to the
presence of bundles in the poplar CNF sample, which can absorb at 400 nm, but not at
700 nm [45]. Poplar CNF showed its highest transmittance at 700 nm (83%). This value
is lower than that found by Fillat et al. [21] for eucalypt CNF (96%) and higher than that
of olive tree pruning CNF (67%). It is known that the transmittance is directly related to
the nanofibrillation yield; the more nano-size fibers are in a CNF sample, the higher is the
transmittance. Accordingly, nanofibrillation yield values for poplar, eucalypt and olive tree
pruning CNF samples were 87.3%, 97% and 48%, respectively [21].

On the other hand, Figure 1 shows the X-ray diffraction patterns of the poplar pulp
and CNF samples where the typical reflections corresponding to Iβ cellulose allomorph
can be observed. Thus, (101) and (002) reflections of the crystalline planes were observed
at ~15.2 and ~22.7 2θ degrees and the ((101)) reflection was indicated as a shoulder at
~16.5 2θ degrees. Moreover, the diffractograms did not show the three reflections at 12.2,
20.8 and 21.4θ degrees, corresponding to (110), (110) and (200), respectively of cellulose II,
suggesting that TEMPO-ox pretreatment followed by microfluidization did not induce the
transformation of cellulose I into cellulose II. The crystallinity index and the crystallite size
determined from these X-ray patterns were 93.8 ± 0.2% and 9.4 ± 0.4 nm for bleached pulp
and 74.4 ± 1.6% and 7.2 ± 0.1 nm for CNF sample, respectively. In general, there is the no-
tion that the TEMPO-ox pretreatment prior to microfluidization step can partially damage
the crystalline cellulose structure [21], explaining the reduction of the crystallinity index
from bleached pulp to CNF sample. Moreover, it is well known that the microfluidization
step can affect the crystallinity of the resultant cellulose nanofibers due to the rupture of
the highly ordered crystalline structure or to the hornification phenomenon of the cellulose
nanofibers during this process [48,49]. The reduction of the crystallite size from bleached
pulp to CNF during TEMPO-ox pretreatment and subsequent microfluidization has already
been reported for bleached eucalypt and olive tree pruning pulps [21]. This effect is com-
monly attributed to the degradation of the amorphous phase during oxidation [50]. These
crystallinity index and the crystallite size values described for poplar CNF are only slightly
lower than those reported by Jiménez-López et al. [44] for TEMPO-ox CNF obtained from
eucalypt (77 % and 8.2 nm) and elm (84 % and 9.4 nm). These values are also in the range of
those reported by other authors for TEMPO-ox CNF obtained from different raw materials:
64–74% and 2.3–9.4 nm [17,20,44,51].

A thermogravimetric analysis (TGA) of the cellulose nanofibers from poplar was
also performed (Figure 2). It can be observed that apart from the initial moisture loss,
the poplar CNF sample exhibited outstanding thermal stability up to more than 200 ◦C,
as previously reported by other authors with different CNFs [21,23]. The main weight
losses take place around 250–300 ◦C with two incipient peaks centered at 242 and 295 ◦C.
The first one is mainly due to dehydration of the cellulose chain and decarboxylation of
sodium carboxylate groups, while the second one is mainly a consequence of the rupture
of glycosidic linkages [52]. This last peak is shown at a lower temperature than that of
cellulose pulp (typically between 300 ◦C and 350 ◦C), probably due to the lower diameter
of nanofibers compared to cellulose fibers, which promote a faster degradation due to
higher surface area exposed to heat [53,54]. From the different events, several characteristic
parameters have been outlined, i.e., the temperature at which the degradation begins
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(Tonset), the temperature at maximum derivative weight loss (Tmax) and the temperature at
which the event is considered finished (Tfinal). The weight loss during the events along with
the remaining undegraded weight was also reported, all of them shown in Table 2. Similar
Tonset and Tmax were found for TEMPO-ox cellulose nanofibers from elm and eucalypt by
Jiménez-López et al. [44]. However, these authors found higher Tfinal. In agreement with
other authors, the char residue obtained for TEMPO-ox poplar CNFs (28%) is higher than
that typically found in non-chemical pretreated cellulose nanofibers (18–26%). This fact is
due to the presence of carboxylate groups, which leads to the formation of carbon dioxide
during decarboxylation that reacts with water (produced during dehydration of cellulose)
forming sodium carbonate [44,55].
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Figure 1. X-ray diffraction pattern of the poplar bleached pulp and CNF.
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Figure 2. TGA of poplar CNF.

Table 2. Thermogravimetric analysis results of poplar CNF.

Tonset (◦C) Tmax (◦C) Tfinal (◦C) ∆W (%) Residue (%)

Poplar CNF 218/270 242/295 256/320 32/40 28

Poplar pulp and dried CNF samples have also been analyzed by FTIR (Figure 3). The
spectra show the typical bands that conform to the cellulose structure. The wide band
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centered around 3329 cm−1 is related to the hydroxyl groups, whereas the small band
at 2895 cm−1 is due to asymmetric and symmetric C-H stretching vibrations [56]. The
band detected at 1645 cm−1 in poplar pulp is attributed to the O-H stretching vibration
of absorbed water. The three bands at 1163, 1101, and 1026 cm−1 observed in both CNF
and pulp samples spectra can also be assigned to cellulose. Firstly, the band at 1163 cm−1

is related to pyranosyl rings among C-O asymmetric bands, the band at 1101 cm−1 is
attributed to the C-OH skeletal vibration, while the band at 1026 cm−1 is related to C-
O stretching vibration [57]. Moreover, the glycosidic bond vibration was observed at
893 cm−1 in both spectra, and the bands at 1361–1370 and 710 cm−1 also observed in
both spectra indicate the presence of Iβ cellulose allomorph [58], in agreement with X-ray
diffraction analysis.
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As the poplar CNF was obtained by the TEMPO-oxidation pretreatment, the stretching
band from sodium carboxylate groups was prominently shown at 1600 cm−1 [21], support-
ing the oxidation of C6 primary hydroxyl groups of cellulose during the TEMPO-oxidation
reaction. When these COONa groups are transformed into free carboxyl groups (COOH),
this band would shift to 1732 cm−1, as it is observed in the CNF spectrum. Moreover, the
band at 1408 cm−1 also indicates the presence of COONa, since it is associated with the
C-O symmetric stretching of dissociated carboxyl groups [59].

3.3. Cytotoxicity Assays of Poplar CNF

Although CNFs are isolated from cellulosic sources, biomasses with no or low toxicity,
either the nanoscale or chemical modifications of nanofibers might influence their toxic-
ity [60]. Then, the cytotoxicity assays of CNF samples obtained from P. alba L. “PO-10-10-20”
and eucalypt (as reference CNF) were carried out. In general, the two CNF samples caused
limited cytotoxicity to PLHC-1 cells so that an IC50 could not be calculated for any of the
CNF samples with any of the cytotoxicity assays (Figure 4). In the case of the eucalypt CNF,
no decrease of cell viability was detected with any of the tests so that even the calculation
of an IC10 was not possible. Poplar CNF provoked a concentration-dependent decrease in
cell viability allowing the calculation of IC10 values with AlamarBlue (IC10 = 10 µg mL−1)
and CFDA-AM (IC10 = 60 µg mL−1) assays. No effect was observed at the lysosomal level
by means of the Neutral Red assay. Such results suggest a very low toxicity of the tested
CNF samples although additional in vivo experiments would be necessary to confirm
the actual ecotoxicity of these substances. Of particular interest is the slight difference
observed in the reduction of cell viability caused by both CNF samples (eucalypt and
poplar). So far, considering the lack of significant differences observed in the properties of
these cellulose nanofibers, it is difficult to hypothesize about the mechanisms underlying
the slightly higher toxicity of poplar CNF. The investigation about the origin of this increase
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of cytotoxicity was out of the scope of the present study but it merits further efforts in
the future.
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Figure 4. Effect of CNF samples on PLHC cell viability. Cells were exposed to increasing concentra-
tions of CNFs for 72 h. Cytotoxicity of CNFs was assessed by means of the AlamarBlue assay (a),
CFDA-AM assay (b), NRU assay (c). Points represent the mean and standard error of the mean (SEM)
of at least three independent experiments. Statistically significant differences with respect to the
vehicle control (one-way rmANOVA, Dunnett’s Post-hoc test) are indicated as followed: * p < 0.05,
** p < 0.01 and *** p < 0.001.

Different studies have discussed the toxicity of different CNF samples, and in general
none of them have shown evidence of the toxic effect on human health or the environment.
Then, Vartiainen et al. [61] assayed the health and environmental safety of CNF isolated
from birch via mechanical grinding. For that, mouse and human cells and luminescent
bacteria were used as tested models, concluding that the tested CNF samples appeared
hazardous to neither human health nor the ecological environment. Lopes et al. [62] as-
sessed the in vitro biological responses elicited by wood-derived CNF samples (isolated
from bleached sulfite softwood dissolving pulp by enzymatic hydrolysis combined with
mechanical shearing and high-pressure homogenizationand), using human dermal fibrob-
lasts, lung MRC-5 cells and THP-1 macrophage cells. Furthermore, they studied if the
presence of surface-charged groups (i.e., carboxymethyl groups) on CNF samples could
induce distinct biological responses. The assay data presented the absence of cytotoxic
effects associated with the exposure to unmodified and carboxymethylated-modified CNFs.
Finally, Alexandrescu et al. [63] produced nanofibrillated materials from Eucalyptus and
Pinus radiata pulp fibers using a homogenizer without pretreatment and with TEMPO-ox
pretreatment. Cytotoxicity tests were applied on the different CNF samples obtained, which
showed that the nanofibrils do not exert acute toxic phenomena on the tested fibroblast
cells (3T3 cells).

3.4. CNF Zeta Potential, Particle Size and Rheological Properties of Poplar CNF

Both zeta potential and particle size analysis of the different pH-modified poplar CNF
samples were included in Figure 5. By slightly increasing or decreasing the pH from the
neutral sample, higher values of zeta potential were obtained compared to the very low
values obtained at neutral pH (−60 mV). Therefore, slightly poorer stability was exhibited,
but still stable enough since the values were lower than −40 mV, which is the limit for
colloidal stabilization [64]. Nonetheless, when the pH was reduced to 1, poplar CNFs gelled
and formed clots even at the low 0.05 wt % solution concentration, exhibiting values of
zeta potential close to 0 (isoelectric point), results which were in agreement with previous
studies within the field [65,66].
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of pH.

However, the particle size did not follow the same trend. At the highest pH the particle
size was significantly reduced, while only a small size decrease was observed at pH 4.17.
It should be taken into account that the particle size determined here (by DLS assays) is
not the real size of the nanofibers, but the hydrodynamic radius of an equivalent sphere
that diffuses at the same rate as the nanofibers. Furthermore, this hydrodynamic radius
will depend on the extent of particle-particle interactions in the aqueous suspension, which
strongly depends on the particles’ concentration and their surface chemistry and resulting
hydration shells [67]. Therefore, these particle sizes values give us only an estimation of
the hydrodynamic size of the CNF samples but they do give us an indication of nanofibers
aggregation caused by changes in pH. Thus, the particle size measured for the sample at
pH 1 demonstrated the agglomeration seen with the naked eye, as a much larger size was
reported. The general aggregation trend observed when reducing the pH is explained as a
consequence of the cellulose carboxyl groups protonation, leading to a reduction in surface
charge and hence diminishing electrostatic repulsions between fibers, also increasing the
possibility of crosslinking through hydrogen bonding [49,66,68]. This is important to keep
in mind if the application of the obtained poplar CNF requires significant pH changes.

On the other hand, the rheological properties of the so-performed CNFs are also signif-
icantly influenced by the effect of pH, as can be clearly shown in Figure 6. Thus, the lower
the pH, the higher the SAOS functions observed as previously reported Hujaya et al. [68]
(Figure 6a). Nonetheless, this effect was not linear, as very close viscoelastic moduli values
were obtained between pH 4.17, 7 and 10, unlike pH 1, which was able to raise viscoelastic
functions in more than an order of magnitude (see Figure 6a). Regardless of the pH, the
poplar CNFs presented a well-developed plateau zone, with predominant elastic character-
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istics due to the high separation of around an order of magnitude between storage (G’) and
loss (G”) moduli, as already shown by other CNF-based hydrogels [68,69].
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The subtle differences observed for viscoelastic functions between pHs 4.17, 7 and
10.4 were even lower when viscous flow measurements were considered (see Figure 6b).
The shear-thinning behavior observed fitted properly the power-law model included in
Equation (5):

η = K × .
γ

n−1 (6)

where K and n are the consistency and flow indices, respectively. Once more, the stiffer
samples generated when decreasing pH yielded higher values of the consistency index,
whereas the flow index values close to 0 (see inset Figure 6b) demonstrate poplar CNFs
to possess an extremely pronounced shear-thinning behavior [69,70]. Nonetheless, the
extreme toughness exhibited by the pH 1 CNF did not allow a proper fit to be obtained as a
consequence of the expulsion of the sample during the test.

4. Conclusions

This study has demonstrated the feasibility of obtaining cellulose nanofibers (CNFs)
from fast-growing poplar, P. alba L., genotype “PO-10-10-20”, using chemical TEMPO-
mediated oxidation followed by microfluidization. The resulting CNFs showed high
carboxylate content, fibrillation yield, optical transmittance and crystallinity, properties
very similar to those obtained with a reference raw material, eucalypt. Moreover, the
rheological study of the poplar CNF at different pH values determined its potential in
pH-sensitive hydrogel applications. Whereas pH from 4 to 10 did not produce significant
changes in rheological behavior, a reduction of pH down to 1 led to an order-of-magnitude
increase on the viscoelastic functions. Finally, a very low toxicity of the tested CNF samples
was observed from in vitro assays.
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Abstract: Asian countries have abundant resources of natural fibers, but unfortunately, they have
not been optimally utilized. The facts showed that from 2014 to 2020, there was a shortfall in meeting
national demand of over USD 2.75 million per year. Therefore, in order to develop the utilization
and improve the economic potential as well as the sustainability of natural fibers, a comprehensive
review is required. The study aimed to demonstrate the availability, technological processing, and
socio-economical aspects of natural fibers. Although many studies have been conducted on this
material, it is necessary to revisit their potential from those perspectives to maximize their use. The
renewability and biodegradability of natural fiber are part of the fascinating properties that lead
to their prospective use in automotive, aerospace industries, structural and building constructions,
bio packaging, textiles, biomedical applications, and military vehicles. To increase the range of
applications, relevant technologies in conjunction with social approaches are very important. Hence,
in the future, the utilization can be expanded in many fields by considering the basic characteristics
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and appropriate technologies of the natural fibers. Selecting the most prospective natural fiber for
creating national products can be assisted by providing an integrated management system from
a digitalized information on potential and related technological approaches. To make it happens,
collaborations between stakeholders from the national R&D agency, the government as policy maker,
and academic institutions to develop national bioproducts based on domestic innovation in order to
move the circular economy forward are essential.

Keywords: natural fibers; socio-economic assessment; technological aspects; sustainability; renew-
able resources

1. Introduction

Scientists, researchers, and practitioners around the world have recently been working
to maximize the potential of natural fibers to create the most sustainable, biodegradable,
and high-quality natural fiber products [1–3]. Natural fibers, which are renewable and
ecologically acceptable sources of raw materials for producing environmentally friendly
products, have played a significant part in human civilization [1]. Natural fibers have
many advantages over synthetic fibers, including lower density, lighter weight, lower cost,
biodegradability, minimal health hazards during processing, abundant availability and
ease of availability, low investment at low cost for production, lower energy requirements,
and lower CO2 emissions, indicating that they have great potential as a substitute for glass,
carbon, or other synthetic fibers. Natural fibers are desirable bio-sourced materials as an
alternative to non-sustainable glass and carbon fiber reinforced composites owing to their
availability and technical viability.

From the physical and mechanical properties point of view, natural fiber has relatively
high tensile strength and Young’s modulus, good thermal, good acoustic insulation charac-
teristics, and high electrical resistant [1–8]. Furthermore, chemical properties of natural
fibers, such as high cellulose content, have a strong relationship with tensile properties,
crystallinity, and density [1,7]. Notwithstanding, natural fibers have some drawbacks
that need to be enhanced, such as low impact strength, non-uniformity in quality and
price, poor moisture resistance, low durability, low compatibility, low adhesion efficiency,
moisture absorption, and poor wettability [9–14]. Therefore, to achieve adequate uses and
overcome some natural fiber limitations such as biocompatibility and hydrophilic proper-
ties, appropriate technologies should be applied for instance by surface modifications and
chemical treatment methods [3].

Natural fibers have been successfully applied to a wide range of applications, for
instance, furniture, automotive, electronic industries, and building construction. According
to Ahmed et al., the wear resistance of Areva javanica fiber brake pads is 16% higher than
acrylic fiber-based brake pad; hence, the A. javanica fiber can be used as a possible substitute
for synthetic acrylic fiber-based disc brake pads [15]. One example in the automotive sector
is the utilization of hybrid kenaf-glass reinforced epoxy composite for passenger car bumper
beams [16]. Chandramohan and Bharanichandar [17] also develop natural fiber reinforced
polymer composites for automobile accessories and conclude that one of the best materials
is the hybrid of sisal and rosella. Plastic/wood fiber composites are used in a variety of
applications, including decks, docks, window frames, and molded panel components [18].
Furthermore, corn husk fiber/polyester composites have also been used as sound absorbers
to replace glass fiber composites [19].

According to all the development technologies and the availability of natural fibers
mentioned above, the utilization of natural fibers can improve economic growth and
the well-being of citizens. Industries that use natural fibers as a raw material provide
a major source of revenue. Various studies have already been conducted on the use
of natural fibers, namely, as reinforced composites in biomedical applications [20–22],
automotive devices [23], aerospace [24], and textile resources [25]. This study provides
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more information about the potential of Indonesian natural fibers from technological and
socio-economical aspects.

2. Overview on Natural Fibers

The most common classification for natural fibers is from botanical forms. Natural
fibers can be classified into five types [26]: Other forms include (1) bast fibers (for example
abaca, sisal, pineapple), (2) leaf fibers (such as ramie, flax, kenaf), (3) seed fibers (coir,
cotton, and kapok), (4) grass and reeds (wheat, corn, and rice), and (5) wood and roots. A
more comprehensive list of fiber classifications can be found in Figure 1. A variety of fibers
are produced by several plants. For example, jute, flax, hemp, and kenaf have both bast
and core fibers, whereas agave, coconut, and oil palm have both fruit and stem fibers. Both
stem and hull fibers can be found in cereal grains [27].
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The musa plants (Musa acuminata) are native to the South-East Asia and belong to
the Musaceae family [6,28,29]. This plant produces biomasses that are categorized as
useful materials with high fiber materials, such as bunches, pseudo-stems, leaves, and
stalk [30]. Banana is widely available in tropical countries such as Malaysia and South
India [31]. It is the fourth most important crop in developing countries [32]; meanwhile,
tropical and subtropical countries also have sufficient natural resources [6,28,29]. However,
approximately 88.84% of the waste with a high fiber content was discarded [33]. The tree
becomes waste after one season of fruit harvesting and cutting it allows for the growth of
new plants [34]. After the banana trees have been cut down, they are dried and processed
to extract the fiber [34,35]. High low elongation at break, light weight, good fire resistance,
strong moisture absorption, low density, high tensile strength, and modulus are some of
the advantages of banana fiber [36].

Abaca (Musa textilis) fiber is classified as leaf fiber in some classifications, but it is
classified as a stem fiber in others, especially those derived from pseudo stem [37]. This
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plant grows to a height of 4.5 to 7.5 m and has a stem diameter of 12.5 to 20 cm. The stem
was surrounded by a tangle of large, piled-up fronds. Fibers with a width and length of
12.5 to 30 cm and 1.5 to 2.5 m, respectively, are found in the leaf fronds [38]. The abaca
fiber has high tensile strength and is resistant to banding and sea water. The position of the
frond on the stem influences its fiber quality, with the outer part being stronger than the
inner part. Additionally, abaca fiber has excellent flotation properties [38]. Abaca is widely
planted in Talaud, North Sulawesi, and from this location, five local superior varieties were
released in October 2019 [39].

Pineapple leaf fibers (Ananas comosus L. Merr.) are one of the waste materials available
in South East Asia, India, and South America that has not been fully explored [40]. In
addition, after Philippines and Thailand, Indonesia contributes 23% of pineapple produc-
tion. Almost all of Indonesia’s regions have ideal tropical climates for growing pineapple
plants. On the other hand, the pineapple plantation needs more development by applying
superior varieties and appropriate cultivation techniques [41]. These plants grow in moist
and dry climates, as well as tropical and subtropical regions [42]. However, these plants
tend to grow at temperatures between 18–45 ◦C and at altitude below 800 mdpl, due to high
altitude and extreme temperatures influencing the size and quality of pineapple plants [40].
With a fiber yield of 1.55% to 2.5% [43], pineapple leaf fibers could become a new source of
raw material for industries [40], such as polymer composites reinforcement [42], and could
also be used to replace synthetic fibers [40,43]. Additionally, they have a softer texture than
other vegetable fibers [43], as well as a high strength and smooth surface [42].

Bamboo is a type of lignocellulose material from the grasses (Graminae) family that
has a wide range application as a potential fiber source. Bamboo fiber is a type of natural
fiber that aligns in longitudinal directions, according to Zakikhani et al. [44] and Wang and
Chen [45]. After India and China, Indonesia is ranked the third place in bamboo produc-
tion [46]. Bamboo has the highest productivity [47], is easy to grow, and harvests quickly
when compared to other non-wood forest products [48,49]. Indonesia has 160 bamboo
species, 88 of which are endemic [50]. Betung bamboo (Dendrocalamus asper (Schult.f)) is
one of the most common species in Indonesia [51]. Betung bamboo has better fiber mor-
phology and physical–chemical properties compared to the other species, followed by the
yellow bamboo (Bambusa vulgaris Scharader ex Wendland), andong bamboo (Gigantochloa
pseudoarundinaceae (Steud) Widjaja), tali bamboo (Gigantochloa apus (Schutz)), and black
bamboo (Gigantochloa atroviolacea Widjaja) [52]. In the textile industry, this plant is used in
two ways: to produce natural (bast) fiber by physical and chemical treatment and to spin
regenerated (pulp) fiber through retting bamboo plant into pulp [53].

Cotton fiber (Gossypium sp.) is a type of fruit fiber that is used as a primary raw
material for textile, health, and beauty products [54]. The cotton production was about
2.558 tons, with a plantation area of 11.287 Ha [55]. Even though the domestic cotton
demand is increasing, the supply is not keeping up. Low cotton production and less farmer
interest in planting are to blame [56]. Cotton is classified into three classes based on the
length and smoothness of the fibers: long, medium, and short cotton fibers with lengths of
1.5, 0.5 to 1.3, and 0.3 to 1 inch, respectively [20]. Training on cultivation techniques and
the use of superior seeds are needed to increase cotton productivity [57].

Ramie (Boehmeria nivea S. Gaud) is a kind of compatible fiber, making it is simple to be
combined with a variety of other fibers [25]. Ramie is a fast-grown and branchless plant
that can reach a height of 1 to 2 m. The stem-extracted bast fibers are the strongest and
the longest natural bast fibers [58]. The productivity of ramie fiber is determined by the
stem’s height, diameter, skin thickness, and fiber yield (fiber content per stem). Since the
fiber production can be carried out every 2 months, harvesting is conducted 5 to 6 times
per year in tropical areas like Indonesia. China grass crude fiber contains around 2–4%
of fresh stalk, 1–3% of degummed fibers, and 1–2% of hemp top [59,60]. Furthermore,
ramie production is about 100 thousand tons per year, which is higher than abaca fiber
production, at about 70 thousand tons per year [61]. According to Soeroto [62], these plants
could grow in Indonesia’s middle to highland areas, with the highest productivity in the
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highlands (700 mdpl) from 2.5 to 3.0 tones/ha/year [63]. Ramie productivity per hectare is
much higher than cotton [64] and its fiber quality is higher than cotton with the color and
luster comparable to natural silk. Furthermore, ramie absorbs 12% of water while cotton
absorbs just 8% [65].

Sisal (Agave sisalana L.) is a good fiber-producing plant that can be grown on dry land
and is resistant to soil with a high salt content [66]. Because of its ease of cultivation and fast
renewal times, sisal fiber accounts for half of all textile production [67]. Indonesia produces
500 tons of sisal fiber per year, which is obtained from the plant’s leaves [61]. According
to Mukherjee and Satyanarayana [67], sisal plants can produce 200 to 250 leaves per year,
with each leaf containing 1000 to 1200 fiber bundles. Furthermore, each bundle contains
87.25% water, 4% fiber, 0.75% cuticle, and 8% dry matter. Sisal fibers are characterized by
their hardness, strength, and yellowish white color. Each leaf of 1000 fiber bundles contains
4% fiber [68], which has not been used to its full potential [37].

Coconut (Cocos nucifera) is a plantation plant that produces fiber from its fruit for use
in furniture, crafts, and probably polymer composite reinforcements [69]. Coir fiber can be
obtained from coconut, and it has the thickest, the most resistant, and the lowest decompo-
sition rate of all-natural fibers. It is ideal for rope production due to its high strength [70].
Fruit cultivation and pruning produce a significant amount of coir fiber [71,72]. Further-
more, coconut cultivation produces coir and pith, which account for around 35% of the
total weight of the crop [73].

Sansevieria is a genus of ornamental plants in the Agavaceae family that grows from
lowlands to highlands in the tropics and sub tropics [74]. This plant is xerofit with thick
leaves due to high moisture content [75] with a spherical, half-shaped leaf style round,
stiff as a blade, short curved, and sunken fleshy. The leaves have smooth and corrugated
margins, and the tips are tapered, pointy, and blunt [76]. In addition, fibers from Sansevieria
were extracted using the retting method [14]. It may be used as textile raw materials, an
absorbent of pollutants, and cancer cell inhibitor [76–80]. It is also used to treat diseases like
stomach pain, earaches, diarrhea, hemorrhoids, fungi, scabies infections [81], as well as for
anti-inflammatories, analgesics, antipyretics, antioxidants, and antimicrobial activity [82],
and as raw material for handicrafts [83].

Jute fibers (Corchorus capsularis and C. olitorius) are off-white to brown in color and
range in length from 1 to 4 m, which is obtained from the bast or skin of the plant. Jute
fibers with a large amount of cellulose, high tensile strength, and low extensibility could
be grown in 4 to 6 months. They have better fabric breathability, are free of narcotics or
odor, have strong insulating and anti-static properties, low thermal conductivity, and mild
moisture recovery. Jute fibers are appealing because they are biodegradable, recyclable and
environmentally friendly [84]. According to Suliyanthini [38], these fibers have very low
creep, are brittle, and have a coarse nature that limits the fineness of the yarn. Packaging,
sack material, tapestry coatings, electrical insulation, an industrial fiber for carpet coatings,
electrical, rigging, tarpaulin, roofing materials, automotive manufacture, and straps are
some of these fiber applications [38,85]. Because of broken hair that may cause food
contamination, jute fiber is not appropriate for certain forms of food [38]. Jute plants have
short, tall, straight stems with leaves at the top of the tree, and the fibers are derived from
them. The jute tree grows to a height of 1.5 to 4.8 m and has a stem diameter of 1.25 to
2.0 cm [38]. Furthermore, the retting method may be used to draw these fibers [86].

Kenaf fiber comes from the Hibiscus cannabinus L. plant stem, which has been grown
since 1979/1980 as part of the ISKARA (intensification of community sack community)
program [87]. These plants are adaptable and can be grown on a variety of surfaces,
including peat [88] and flooded soil [88,89]. Depending on the variety and growing climate,
kenaf productivity can range from 2.0 to 4.0 tons of dry fiber/ha [90]. It is an annual plant
with a stem diameter of 1.25 cm and a height of 2.5 to 3.75 m [38]. According to previous
records, India and Pakistan are the world’s top kenaf producers. Tropical and subtropical
climates with high humidity, heavy rain, and no strong winds are ideal for these plants.
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They thrive in loose, well-draining soil and are planted similarly to jute. They can be
harvested 4 to 5 months after they begin to bloom [38,91].

Bombix mori caterpillar cocoons are used to make silk fiber [35,92]. Due to its high
tensile strength, strong degree of resilience, elasticity, flexibility, biodegradation, and great
biocompatibility, it is considered a possible biomaterial that supports cell attachment and
proliferation [92–98]. Silk fibers are strong, smooth and crease resistant, with a high capacity
to absorb water. Furthermore, these fibers are used in the manufacture of women’s clothes,
socks, ties, and tissue engineering [35]. They are considered as the most desirable and
coveted fibers because of their relative rarity, unique luster, softness, and drape [99]. Wool
is the most essential animal fiber, and it is obtained from sheep, in either a staple or short
form. It contains keratin protein, lanolin (an external lipid), and a small amount of internal
wool lipid (about 1.5%) [100,101]. Clothing, sweaters, blankets, rugs, weaving, and knitting
all use wool as a raw material [35].

Collagen is a connective tissue extracellular matrix that is derived from the skin and
bones of animals and comprises 30% protein [102]. It is commonly used in biomedicine,
medicinal food, food and drug growth, and cosmetics [103]. It has been used as a home-
ostatic agent, bone tissue regeneration, membrane oxygenator, contraception (barrier
method), implant, and drug delivery system in biomedicine. In the cosmetics industry,
collagen is used as an emulsifier and foaming agent in the food industry, while in the field
of cosmetics, it becomes an active ingredient used to avoid the incidence of premature
aging (anti-aging) [103]. Chemical processes and the combination of both enzymatic and
chemical processes [104] have been used to isolate collagen (acid-soluble collagen and
pepsin-soluble collagen) [105]. To make certain products, collagen fibers in animal skin are
processed into leather through a tanning process [103]. Footwear, clothing, gloves, leather
goods, heavy leather, and upholstery are all made of leather [35].

Corn is the most common crop found in every region of many Asian countries. The
potential of corn plants in providing natural fiber is very high, such as the stems, leaves, and
skins of corn. Cornhusk fiber contains cellulose, hemicellulose, and lignin of 46.15%, 33.79%,
and 8.92%, respectively. The tensile strength value of corn husk fiber is 169.49 MPa, which
is higher than the tensile strength of glass fiber, which is 1.7–3.5 MPa [7]. Modification
of corn husk fiber using sodium hydroxide (NaOH) solution with a concentration of
0.5–8% is known to reduce the hydrophilic properties, and increase the crystallinity, tensile
strength, and thermal resistance of the fibers [7]. The addition of corn husk fiber to polymer
composites can increase the tensile strength, bending strength, and toughness properties of
the polyester composite [19,106]. Although immersed in water and exposed to ultraviolet
(UV) light, the mechanical properties of the corn husk fiber composite were still quite high
compared to the “pandan wangi” fiber-reinforced composite. In several previous studies,
this corn husk fiber composite was found suitable to be used as a substitute for wood,
soundproofing panels, and building materials [19,106]. Figure 2 shows some natural fiber
resources.
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3. Technological Perspective of Natural Fibers Processing

Temperature, humidity, height, growing site, local climatic conditions, season, and
harvesting are all factors influencing the quality and structure of natural fibers [39,107–109].
Handling method, storage period and condition, and harvested plant portion can all affect
fiber qualities [107–109]. Some of the elements should be closely monitored to acquire the
best fiber characteristics.

Natural fibers include kapok, ramie, pineapple, sansevieria, kenaf, abaca, sisal, and
coconut fiber, as well as bamboo [110]. Bamboo has a greater ultimate strength [111]
than other fiber bioresources like jowar and sisal, which may be tested in single unit
fiber or fiber-bundle tests. Practically, the last test is preferable because it is easier to
administer and yields faster findings [110]. The mechanical properties of fibers were also
influenced by their microstructure and chemical composition (cellulose, hemicellulose, and
lignin) [112], and the fiber-cross-sectional area became the key variable controlling the fiber
strength [110]. Aside from that, the extraction method and chemical treatment have an
impact on fiber tensile strength. Deka et al. [113] observed that alkali soaking increased the
tensile strength of Parthenium hysterophorus fiber.

According to De Farias et al. [114], cellulose content has a significant impact on tensile
strength and Young’s modulus. The lignin content, on the other hand, had an inverse effect
on those strength. Hemicellulose, pectin, and wax, like cellulose, play a role in specific
Young’s modulus. The moisture gain of fiber is related to the quantity of hemicellulose
and lignin [114]. Microfibril angle (MFA) has a negative and positive relationship with the
pectin and lignin content, as well as hemicellulose, respectively, while failure strain value
was affected by hemicellulose, lignin, and pectin content, respectively. Cellulose and pectin
have a positive effect on density, while wax has a negative effect. Based on this knowledge,
it is crucial to investigate the chemical composition of fiber as well as its mechanical and
physical qualities.

Glass fiber and natural fibers are extensively distributed, with glass fibers being non-
renewable and non-recyclable and natural fibers being the opposite. Natural fibers do not
abrade the machine and are not harmful to the lungs when inhaled. According to their
disposal viewpoint, glass fiber is a non-biodegradable material, whereas natural fibers are
the opposite. Natural fibers have lower tensile strength than synthetic fibers, but they have
several advantages, such as not being fractured during processing, equivalent stiffness,
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and specific strength to glass fibers [115]. They also have less Young’s Modulus and
density [116] as well as less energy, density, and cost consumption [117] than synthetic fiber.

To match the use of natural fiber, it was necessary to understand the physical-
mechanical properties. Natural fibers have porous qualities, which might make it is
difficult to estimate a realistic density. Glass fiber has a higher density of 2.4 g/cm3 than
natural fiber, which has a density of 1.2–1.6 g/cm3. As a result, it can be used to make
light-weight composites [58]. The increase in porosity has a proportionate relationship
with the lumen size and density of fiber [110]. Fiber bundle diameter tends to rise as
density decreases. The specific toughness of bananas, hemp, pineapples, and jute fibers
is high. Natural fibers are suitable as reinforcing components in composites because of
their unique specific stiffness and tensile strength. Fiber bundle diameter tends to rise as
density decreases. The specific toughness of bananas, hemp, pineapples, and jute fibers is
high. Natural fibers are suitable as reinforcing components in composites because of their
unique specific stiffness and tensile strength. Some of natural fiber, such as jute and sisal
fiber, have the potential to replace glass and carbon fibers [118] in composites that demand
a high strength-to-weight ratio and weight reduction in that application [119] due to their
ease of availability and low cost.

Ramie, sansevieria, pineapple, sisal, and kenaf had low strain (2–6%) but high stress,
while Cocos nucifera husk fiber had high stress (24%) but low strain [110]. Jute fibers dis-
played a similar pattern on the stress-strain curve of pineapple fiber [86]. Ramie bast fiber
has cellulose content (69–97%) and a low spiral angle (7–12%), as well as a high molecu-
lar weight (69–97%), resulting in good mechanical properties [120–124]. Sisal fiber also
possesses excellent porosity, tensile strength, bulk, folding strength, and absorbency [90].
Bast fibers were found to have low stiffness, but great strength and elongation, as well as
elastic recovery. These fibers are widely available, inexpensive, and function well [125].
The mechanical strength of pseudo-stem banana fiber was also discovered. The flexural
and tensile strength of glass fibers were enhanced when sisal or jute fiber were mixed
in [31]. The addition of hay fiber, milkweed fiber, kusha grass, and sisal fiber boosted the
tensile strength of polypropylene composite [126].

The principal constituents of lignocellulose, which included the cell walls, are cellulose,
hemicellulose, and lignin. Aside from that, ash, silica, pectin, waxes, and water-soluble
compounds [127–129] and oil [128,129] can be found in natural fibers. Plant growth
conditions, harvesting period, geographical considerations, and fiber extraction technology
all affect the chemical component within the same plant species [127]. To assure the quality
of the manufacturing process, the impact of various plant material properties must be
analyzed [130]. The fiber characteristic is determined by the angle of the microfibrils
and their placement within the cell wall [131]. Figure 3 depicts the position of chemical
components in the cell wall (a) and layer position in the secondary cell wall of a plant.
Cellulose uses lignin and pectin as glue to join with hemicellulose. The cellulose content of
cell wall increases from primary layer (S1) to secondary layer (S2), while the lignin content
decreases. Hemicellulose content is found in equal amounts in each layer. The S2 layer
is primarily responsible for the physical and mechanical strength of fibers. It has lower
microfibrillar angle, higher cellulose content, and contribute to improve fiber strength
properties [132,133].
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Harvesting method, plant age, sample position in plant, environmental growth condi-
tion, and extraction fiber methodology all play role in this diversity, as previously indicated.
Cotton linter, cotton, ramie, Mamordica charantia, flax, Henequen, and palmyrah are exam-
ples of natural fiber with a higher cellulose content than others. Because fibers with low
lignin and high cellulose content have high tensile strength, numerous factors might influ-
ence this number, and therefore the relationship is not necessarily linear. The crystalline
domains of cellulose have a substantial impact on the tensile strength, with more cellulose
crystallinity resulting in higher fiber strength. The position of lignin on biomass affects
tensile strength because it is wedged between cellulose and hemicellulose.

Some methods have been established in preparation of natural fiber which are sum-
marized in Table 1. Dew retting and water retting process are two common techniques
to separate the plant fibers that require about 14 to 28 days to degrade the waxes, pectin,
hemicellulose, and lignin [131].

Table 1. Preparation method for producing the extracted natural bast fibers.

Introducing Methods Advantages Disadvantages References

Dew retting

• Relative ecofriendly or less energy
process by using bacteria and moisture
in the plant for separating individual
fibers from the plant

• Common in areas with heavy night
dew and warm days, as well as areas
with water shortages.

• Excessive retting brings difficulties in
separating individual fibers or tend to
weak the fiber strength

• Required long processing time (2–3 weeks)
depending on climatic condition

• Obtaining dark fiber and poor quality

[15,136]
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Table 1. Cont.

Introducing Methods Advantages Disadvantages References

Water retting

• Produce fiber with high cellulose
content, which gives the fiber a higher
tensile strength

• Produce fiber with lower density
which is suitable for low weight
composite applications

• Duration of process for 7–14 days

• Need surface treatment as initial step to
increase the surface roughness

• High cost
• High water treatment maintenance

[17,137–143]

Mechanical extraction
• Produce a significant amount of

acceptable quality of fibers
• Short time process duration

• Damage fiber cell wall structures, resulting
in dislocations, kink bands or node that
have a negative impact on tensile
mechanical properties and may even
compromise composite performance

• High cost

[15,134,141]

Chemical treatment

• Produce fiber with high cellulose
content, higher tensile strength,
thermal stability, and crystallinity
index

• The surface roughness of the fiber
relatively good (based on SEM
analysis)

• Enhance the physicochemical
properties of the fibers

• Some chemical treatment waste can pollute
the environment [17,137–142]

Figure 3 depicts the structures of cellulose, lignin, and hemicellulose [134]. The
cellulose content of a plant is determined by its age and species. Cellulose has hexose
sugar with greater thermal stability than hemicellulose’s branched structure. It is made
up of a linear chain of glucose units linked together by (β (1→4) bonds with a high
degree of polymerization (DP). Cellulosic plant fibers have high moisture absorption
capacity and poor dimensional stability when exposed to water [144]. The hydrophobicity
and hydrophilicity of fibers, as well as their interaction with the matrix, may alter fiber-
matrix adhesion with natural fibers as reinforcement [145]. Different cell wall polymers of
lignocellulosic materials influence the degradability and properties of natural fibers [146].
Furthermore, cellulose affects natural fiber strength, but lignin prevents UV breakdown
and char production [1].

Hemicellulose, which has a low DP, is the third most abundant cell wall constituent of
lignocellulosic biomass after cellulose and lignin. As a result, this biopolymer dissolves
more quickly in the liquid fraction during biomass pretreatment. Pentose is the most
prevalent hemicellulose in non-wood plants, hence a larger concentration effects fiber
fibrillation, which raises the bonding potential of pulp sheets [147]. High hemicellulose
content improves fiber flexibility during paper sheet usage, allowing it to swell and expand
to a large surface area. The higher the crystallinity of cellulose, the less hemicellulose
present. As a result, a low hemicellulose content promotes cellulose in the amorphous
zone [148]. Thermal, biological, and moisture degradation, as well as absorption, are all
caused by hemicelluloses in natural fibers [146]. Hemicellulose material has a favorable
relationship with moisture sorption and biodegradation. In addition, hollow natural fibers
have a lower/lighter bulk density and contain more water. The degree of crystallinity,
orientation, swelling behavior, tensile strength, and porosity of fibers are all affected by
their moisture content. As a result, the higher the moisture absorption, the higher the risk
of microbial attack [149].

Excess amorphous material such as lignin, pectin, hemicellulose, wax, and cellulose
are removed during the alkali process by adding NaOH. Reactive dye fixation is improved
by the presence of –OH and –COOH groups in natural fibers [150]. The alkali treatment
(adding NaOH) removes excess amorphous content such as cellulose, lignin, hemicellulose,
pectin, and wax from natural fibers (Pennisetum orientale grass), whereas the alkali treatment
removes excess amorphous content such as lignin, pectin, hemicellulose, wax, and cellulose.
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As a result, the thermal stability and density of the NaOH-treated fibers were higher than
those of the untreated fibers and the HCl-treated fibers [151].

Lignin is a biological substance that helps plants maintain their structural integrity [152].
It is also the second most abundant biopolymer with an aromatic molecular structure after
cellulose and forms an ester connection with hemicellulose. Lignin molecules include
three active functional groups: namely, coniferyl alcohol (G), p-coumaryl alcohol (H), and
synapyl alcohol (S). The most frequent connection in lignin is the aryl ether linkage (β-O-4),
which accounts for nearly half of all links. This connection is more easily cleaved during
lignin conversion and depolymerization. In natural fibers, lignin is also implicated in UV
degradation and the formation of char [146]. Coir has a larger microfibrillar angle, as well
as a reduced proportion of hemicellulose and cellulose, which impacts plant qualities like
strength, durability, damping, wear, weather resistance, and high elongation at break [58].

Since lignin is an unwanted component in raw materials in pulping, it is typically
removed during the pulping process in the pulp and paper industry. A complete delignifica-
tion process could produce pulp with desirable Kappa numbers. Furthermore, delignifica-
tion of samples with higher lignin content requires a significant quantity of chemical energy.
Delignification of samples with decreased lignin content is possible under lower chemical
charges and temperatures [147]. Binder-less fiber board with a high lignin content could
be used as an adhesive source. It could also be extracted for use in high-value products
including adhesives, biosurfactants, antibacterial agents, fine chemicals, lignosulfonate,
and so on [1,153–157].

Cellulose content is one of the most important components in assessing the mechanical
and physical properties of natural fibers; it is one of three main components (cellulose,
hemicellulose, and lignin). The DP was reduced because of excessive chemical treatments
such as pulping and bleaching. The number of glucose molecules in one cellulose chain is
measured in DP. Depending on the cellulose source, the length of the cellulose polymer
chain varies greatly. Plants with a DP of more than 10,000, for example, are vascular
cellulose plants. The amount of DP released by a plant is determined by the process used
to isolate and treat it. Pure cellulose has a DP of over 10,000 in most cases. Microcrystalline
cellulose is another example, which is a high-level crystalline cellulose after going through
hydrolyzed acid. Microcrystalline cellulose has a DP value of between 300 and 600 [158,159].
The DP value of microcrystalline cellulose ranges from 300 to 600. This is due to the strong
chemical treatment that results in the breakage of the short cellulose chains, and it also
influences the crystallinity, mechanical properties, and morphology of cellulose [160,161].

The crystallinity index, or degree of crystallinity, is used to determine the physical
and mechanical properties of natural fibers. X-ray diffraction (XRD) at the crystalline peak
at 2θ (22.6◦) for diffraction intensity I200 (crystalline region) and 18◦ for diffraction intensity
Iam (amorphous region) can be used to measure the degree of crystallinity of cellulose. The
peak height method can be used to calculate the crystallinity [162,163].

4. Social and Economic Aspects on Utilization of Natural Fibers

Since prehistoric times, natural fibers have played a vital role in human society as a
sustainable and ecologically beneficial source of raw materials that are easily degraded into
environmentally friendly items and have the ability to absorb enough moisture. Natural
fibers have a variety of fascinating properties, including low density, light weight, low
cost, biodegradability, abundant accessibility, minimal health hazards during process-
ing, relatively good basic strength and modulus, good thermal and acoustic insulation
characteristics, physical properties, and ease of availability [125,131].

Natural fibers have been favored over synthetic fibers because of their superior quali-
ties [125,131]. Natural fiber has been used as a raw material in a variety of industries, in-
cluding aerospace, automotive, marine, building and construction, sports and leisure items,
electronic appliances, military vehicles, biomedical purposes [10,11,15,16,21,22,164–166]
as shown in Figure 4: Natural fiber applications are also increasing in textiles, packaging,
printed goods, filters, automobiles, furniture, particleboard, insulation board, and other
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materials [167–170]. Woven-kenaf aramid and pineapple leaves were used in military
vehicles, especially for ballistic purposes [166], and hard armor plate [166,171], respec-
tively. In biomedical applications, natural fibers are in fiber-reinforced composites (FRC),
such as various clinical fields [172] as described in Table 2. Hemp and sisal have been
reported for utilization as cementitious construction and fancy materials in the construc-
tion field [173,174]. In the biomedical field, the most promising natural fiber candidate is
undoubtedly cellulose, in the form of nanofibers. Nanocellulose has a variety of biomedical
applications, including drug delivery, vascular grafts, skin tissue regeneration, antimi-
crobial membranes, medical implants, biosensors and diagnostics, and scaffolds [175].
Several methods have been developed to improve the compatibility of natural fibers and
polymer matrices in order to enhance the physical and mechanical properties of targeted
bioproducts. However, the acceptability of natural fiber and biocomposite materials by the
human body is a critical requirement that must be addressed [176].
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Table 2. Application of natural fiber composites in biomedical field.

Specific Area Application of Fiber Composite Source of Fiber References

• Blood bag
• Drug/gene delivery scaffold Pineapple, rambutan and banana skin [177]

• Ancient medicine
• Modern functional food Flax and flaxseed oil [178]

• Wound dressings Flax [179]

• Drug delivery Cotton [179]

• Wound healing Bombyx mori silk [180]
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Table 2. Cont.

Specific Area Application of Fiber Composite Source of Fiber References

• Tissue engineering
• Drug delivery
• Wound dressing
• Medical implants
• Cardiovascular implants
• Scaffolds for tissue engineering

Pineapple leaf [181,182]

• Prosthodontics
• Orthopedics
• Cosmetic orthodontics

- [176]

• Dental application - [20–22]

Natural fibers are a type of biomaterial used for reinforcement of polymer-based com-
posites. Some agricultural plants, including ramie, sisal, and pineapple leaf fiber [107–110,183]
and hybrid fibers of Egyptian and Qatari palm trees [176] and woven cotton fabrics [184]
have reported used as bioresources of FRC. The manufacture of natural fiber composite
materials or eco-friendly composites has become a popular topic as people become more
aware of environmental sustainability. To minimize material weight, natural fibers may be
a suitable option for replacing synthetic materials. Natural fiber reinforced polymer and
resin composites have been widely used in a variety of industries, including automotive
and aviation interior components, as well as military vehicles [166,185–187]. Because of
their high specific qualities at a lower cost than synthetic fibers, they are appealing for
several applications.

Miller [167] mentions the usage of hemp fiber in textile manufacture. The mechanical
properties of the bio-based textile composites studied in this review are like those of some
traditional materials. The use of pineapple leaf fiber as a reinforcement in the fabrica-
tion of yam starch films with packing potential was defined by Mahardika et al. [168].
Asrofi et al. [188] created a bioplastic made of tapioca starch and sugarcane stem fiber
for reinforcement. The interior components of an automobile are composed of hemp
fiber/polypropylene composites [169], while kenaf and wheat straw were used as vehicle
spall-liners and quarter trim panel storage [189]. Natural fiber mats, aluminum sheets,
and epoxy resins provide excellent electromagnetic interference prevention while keep-
ing high mechanical qualities in hybrid composites [170]. Good specific properties, low
cost, low density, good formability and processability, good mechanical properties, and
a plentiful and sustainable source of raw materials are all the benefits of using natural
fibers over synthetic fibers. Natural fibers, on the other hand, have a high moisture sensi-
tivity [190,191]. The development of natural fiber composites in a variety of applications
has paved new avenues in both academia and industry for the future applications of
sustainable natural fibers.

As previously stated, several of the shortcomings of natural fibers should be addressed
during the optimization of natural fiber applications. When used as a composite, the hy-
drophilic nature of natural fibers makes it difficult to adhere to a hydrophobic matrix,
resulting in poor mechanical characteristics and processability [112]. Surface treatment
methods applied include chemical and enzymatic treatments, corona treatment, and cou-
pling agent addition [119,120,192–197]. Furthermore, the handling of the interfacial region
before processing with thermoplastics at a temperature up to 200 ◦C, the interfacial treat-
ment (surface treatment resins, additives, and coating) must be reinforced to address the
low degradation temperature of natural fibers [107,198].

The Indonesian government has taken steps to encourage the use of natural fibers, such
as appointing an institution to focus on the development of natural fibers and establishing a
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multi-stakeholder research community, namely, the Indonesian Ramie Consortium (KORI),
to study specific natural fibers, primarily ramie. Ramie is a type of natural fiber that has
become a national priority in Indonesia for widespread use. Figure 5 depicts the strategy
for manufacturing of ramie development in Indonesia.
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Manufacturing integration strategies in ramie processing systems to support large-
scale production are to be developed with an emphasis on three main sub-systems: cultiva-
tion, fiber processing technology, and machining. The ramie-based industry will be able
to support the functional value of the fiber or fabric of ramie for functional enhancement
of the products. Strategies in business concepts and supply of human resources with
competence in all aspects of processing systems will be able to support the realization of
the manufacturing of ramie production in Indonesia. This research strategy is currently
supported by the Indonesian government in the National Research Program, for the period
2020–2024.

Additionally, the Indonesia Natural Fiber Council (DSI) was founded in Indonesia to
assist scientists, policymakers, and other stakeholders in the development of bioproducts
generated from natural fibers. DSI proposed a road map for the Indonesian fiber sector
from 2020 to 2024, with abaca, kenaf, bamboo, pineapple, sisal, cotton, and ramie as types
of promising fiber to be further developed [199]. Furthermore, biduri (Calotropis gigantea)
is a natural fiber that has the potential to be developed in Indonesia as a thermal and
acoustic insulation material and filler material [200] and for winter jacket [201]. Biduri fiber
production is predicted to be around 3.6 tons per hectare per year [200]. Some bioproducts,
such as biopellets, food, textiles, biocomposites, and ecofriendly shoes, have been launched
into the Indonesian market as a result of continued efforts. In addition, several small local
businesses extract fiber from fresh pineapple leaves using basic techniques such as retting
followed by decortication for clotes, handycraft, and other items. However, the process
output is still low, with 2.5 kg of air-dry pineapple fiber produced from 100 kg of fresh
leaf fiber and 97.5% of decorticator waste that has yet to be used (visualized in Figure 6).
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Banana stems are treated in a similar way to make banana fibers in this local enterprise.
Until now, cotton has been the main fiber source in the Indonesian textile industry, but
the qualities of local cotton have not met the requirements, so nearly all of it is imported,
while the other fibers have been used to their full potential. Considering the potency and
challenge, continual efforts to disseminate information about the various uses of natural
fibers in the community are required.
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Natural fibers play an important role in improving the quality of human life. How-
ever, waste can be generated during the product life cycle and during the processing of
natural fibers into bioproducts. To achieve the most efficient utilization of resources, waste
management should be conducted continuously by recycling and/or upcycling of waste,
aside from innovation in the design of bioproducts. Shanmugam et al. [202] recognized
recycling and the use of bio-based constituents as essential issues in adopting a circular
economy (CE). CE adheres to the principles of reduce, reuse, recycle, and replace. CE is
beneficial to the environment, economy, and society when used in FRC manufacturing.
Given the numerous sustainability challenges confronting our societies, transitioning to a
circular economy and closing resource loops through recycling is a viable solution [203].
Figure 7 proposes a CE concept based on natural fibers that is more considered than a
linear economy concept for future resource conservation and environmental balance. The
CE approach is gaining traction and has been proposed in some fields, such as carbon fiber
manufacturing [204], agricultural sector [205] and biomass biorefinery [206], for gradually
reducing energy consumption during the manufacturing process. Biomaterials in the CE
present numerous challenges for the industry in terms of developing new network and
commercial opportunities while remaining focused on consumer demands [206].
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The development of an information system for Indonesian natural fibers, as well as
collaboration with a variety of stakeholders such as research and development institutions,
industries, policymakers (local and national), and universities, are ongoing efforts to
bring Indonesian local industry independence. National innovation products made from
natural fibers can be created by local industry in the future and sold at least locally, with
Indonesians consuming them.

Natural fiber as lignocellulosic biomass has an economic chance to meet industrial
needs, depending on the processing level that has been made to make its derivative
products, including its market to accomplish. According to Ruamsook and Evelyn [207],
there are four levels in which biomass can be processed and turned into value-added
goods before being sold to potential demand markets (Figure 8). Farmers become the first
important people actors to create their biomass as the major components of industrial
needs, as indicated in this picture. Commodities such as corn, wheat, cotton, and hay, as
well as other crop farms such as paddy, are the possible resources of rubber and polymer
markets. Many industrial polymers and plastics are still made from non-renewable oil
and gas resources today. This would cause a supply shock when non-renewable resources
are depleted, causing the processed product to bubble to an unacceptably high price [207].
As a result, the growing interest in bio-based polymer and plastic products derived from
renewable sources creates a market opportunity for biomass in exchange for enhanced
environmental support in reducing climate change pressure.
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Farmers will benefit from the potential use of paddy waste as an alternative source of
packaging because they have been heavily reliant on agriculture without any additional
revenue, as most farmers are still subsistence and have a low-middle income. On the other
hand, this will contribute to reducing future climate change issues by allowing farmers to
benefit from better climate conditions through sustainable agriculture. Nonetheless, the
government must promote this innovation to increase economic potential and to provide
an instrument for industrial businesses to improve their knowledge of the sustainable
industrial environment. It may not be easy, but once the government steps in to regulate the
industrial ecosystem by paying more attention to reducing plastic waste and implementing
sustainable bioplastic for bio-packaging for both large industrial ecosystems and small-
medium enterprises, it could have structural potential. One of the studies that uses
paddy-waste as bioplastic is the usage of rice straw cellulose (Oryza sativa) as bioplastic by
the pulping process and phase inversion method [208].

Building an ecosystem of sustainable industry, particularly for consumer behavior,
is to use more sustainable packaging or bio-packaging that can be created from natural
fiber. As it is known that the production of food packaging made from plastic as well
as styrofoam is about 14.000 tons per year, it has affected the use of plastic packaging
for food [203]. However, this material is not environmentally friendly and could cause
a significant impact both on the user and the environment after its usage, with a long-
term impact on climate change. Thus, the government could develop bio packages as a
particular potential both for reducing environmental issues and improving the economic
opportunity of farmers from the paddy waste produced. Basically, this novel innovation
could be started by a small-scale industry where a group of farmers could start to process
the paddy waste materials where generally they would not be sold except for burning.

On the other hand, the development of bio-packages made of paddy straw benefits not
only farmers in terms of economic earnings, but also consumers, as they have paid more for
the environmentally friendly food package to have both future-health preservation as well
as the original flavor and scent of stored food from this bio-package material, compared to
a conventional plastic food package, which has more influence on their food, particularly
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when the foods are still at high temperatures. With these kinds of benefits, coupled with
intense regulatory aspects, consumers would indeed be willing to pay more to get this
type of food package if the government could guarantee that it would not harm them and
be rigid in implementing environmental policy in general. If this is accomplished, the
introduction of novel food packages made of paddy straw will be imminent, benefiting
farmers who are the primary source of this material. Many countries have taken steps
to encourage the use of natural fibers, such as appointing an institution to focus on the
development of natural fibers and establishing a multi-stakeholder research community.

5. Future Prospects

Many different types of natural fibers are potential raw materials for bioproducts,
but it is necessary to select the most locally viable fiber before attempting to employ it in
an industry. In several fields, using local potential natural fiber for industrial purposes
helps to lessen reliance on imported products. Some efforts will be made to speed up the
exploitation of local raw materials for local industry, thereby assisting in the establishment
of local industry, mostly on a small and medium scale. The wide diversity of natural fiber
characteristics remains a difficulty in manufacturing consistent quality of bioproducts.
Therefore, understanding the features is essential when processing natural fiber effectively.
Processing of natural fiber with environmentally friendly technology and appropriate pro-
cedures should be used in the future as environmental concerns grow for the preservation
of sustainable nature. Kenaf and ramie, bamboo, bananas, and pineapple have all been
used as commercial bioproducts for a variety of industries, including automotive, building
materials, handicrafts, and textiles. Up to now, there has been no exposed intermediate
industry in natural fiber; therefore, the biocomponent industry has been initiated in recent
years and is able to create environmentally friendly footwear products. This footwear can
be built with biocomponents from natural bioresources such as natural fiber. In summary,
viability, suitable technology, and social issues in the development of natural fibers are
significant components that, when controlled together, can stimulate the use of bioproducts
made from natural fibers. It is critical that respective ministries should be involved in
natural fiber development and prioritize the agenda to ensure a strong supply chain and
sustainability of natural fiber production. The Ministry of Agriculture should be in charge
of providing sufficient land for planting as well as the necessary technology for a successful
harvest. While the Ministry of Industry can provide the manufacturing technology and
create the product diversification design.

6. Conclusions

Natural fibers with enticing properties such as lower density, lighter weight, biodegrad-
ability, good specific strength and modulus, good thermal insulation, good acoustic in-
sulation, and high electrical resistance can be used for various applications. Furniture,
automotive (car bumper beam, disc brake pads), electronic industries (automobile compo-
nents), and building construction (molded panel components, window frames) are only
a few of the applications for natural fibers. Biomedical application refers to the potential
use of natural fibers to cover tissue engineering, biomedical implants, and drug delivery
systems that must be biocompatible with the human body. Although natural fibers such
as bananas, abaca, pineapples, bamboo, cotton, ramie, sisal, coconut, sansevieria, jute,
and kenaf are plentiful and readily available, industrial applications require access to the
most readily available. Ramie is being used as a model for developing a national priority
bioproduct based on textile innovation, which is facilitated through government support.
This way, it will coordinate the efforts of all stakeholders, including industry, research and
development agencies, and farmers, in order to maximize benefits. A circular economy that
is sustainable can be achieved by developing a biocomponent industry for bioproducts.
The establishment of an information system for natural fibers, as well as collaboration
with a variety of stakeholders such as research and development institutions, companies,
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policymakers (local and national), and universities, are ongoing efforts to increase the use
of natural fibers in a sustainable circular economy.
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CE circular economy
DP degree of polymerization
DSI Indonesia natural fiber council
FRC fiber-reinforced composites
G coniferyl alcohol
H synapyl alcohol
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ISKARA intensification of community sack community
KORI Indonesian Ramie Consortium
MFA microfibril angle
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PE polyethylene
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PLA polylactic acid
S p-coumaryl alcohol
S1 primary layer
S2 secondary layer
S1, S2, S3 secondary cell wall 1, 2, 3
SEM scanning electron microscopy
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XRD X-ray diffraction
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Abstract: Recently, the antibacterial properties of Carvacrol (Carv) have been significantly reported.
However, due to the unstable properties of Carv under various environment conditions, research
approaches tailored towards its widespread and efficient use in various antimicrobial applications are
scarce. Here, we discuss progress towards overcoming this challenge by utilising the encapsulation of
Carv in gellan gum hydrogels to form thin films (GG-Carv) containing different concentrations of Carv
(0.01–0.32 M). FTIR spectrum of GG-Carv revealed that both functional groups from GG and Carv
existed. The carbon, hydrogen and nitrogen elemental analysis further supported the encapsulation
of Carv with the changes in the element percentage of GG-Carv. Both swelling and degradation
percentage increased with time and the decreasing patterns were observed as the concentration
of Carv increased. In an antibacterial study, GG-Carv exhibited significant antibacterial activity
against E. coli with the clear inhibition zone of 200 mm and the detection of bacterial growth showed
enhancement with continuous decline throughout the study as compared to free-standing Carv.

Keywords: encapsulated carvacrol; polymer; gellan gum hydrogel; antibacterial activity; E. coli

1. Introduction

The essential oils from plant materials are potentially useful as a reservoir for antimi-
crobial compounds. They are well known for having wide applications in folk medicine,
fragrance industries, preservation and food flavouring. As recognised in recent reports,
essential oils containing compounds such as carvacrol, eugenol and thymol (phenolic
compounds) demonstrate high antibacterial potential [1]. The antimicrobial properties
of the plant volatile oils and their constituents have been explored and they extend use
of these plants in potential applications such as medical procedures, cosmetics, food and
pharmaceutical industries [2]. The most compelling finding is that essential oils are agents
for alternative approaches towards controlling the spread of pathogenic organisms as well
as in the mitigation of the development of antibiotic resistance [3].

In this context, we highlight carvacrol (Carv), which is found in the aromatic leaves and
flowering plant of both thyme (Thymus vulgaris) and oregano (Origanum vulgare). Interest-
ingly, Carv has shown effective antibacterial activity and has been proven to be a potential
agent in the treatment of infections, safe for human and animal health [4]. The researchers
worldwide have investigated the wide spectrum of the antibacterial activity of Carv against
various types of microorganisms such as C. albicans [5], P. fluorescens [6], L. plantarum,

337



Polymers 2021, 13, 4153

S. cerevisiae, B. cinerea [7], S. aureus [8], Clostridium perfringens [9], Salmonella enterica [10],
L. monocytogenes and E. coli [11]. This monoterpenic phenol has also emerged for its mul-
tiple of biological properties such as anti-microbial [12], effective adjuvant for preterm
labour [13], bio-film inhibitor [14], anti-inflammatory [15], antioxidant [16], antitumor [17],
analgesic [18], anti-parasitic [19], anti-mutagenic [20], anti-cancer [21], anti-viral [22] insec-
ticidal [23] and fish dietary additives [24].

The host, hydrogel, is a three-dimensional, hydrophilic, polymeric network that is
capable of imbibing a large amount of water. In order to maintain the three-dimensional
structure, the polymer chains of hydrogels are usually cross-linked either chemically or
physically [25]. It is highly permeable to various drug compounds, able to withstand acidic
environments and has high swelling properties, which can release entrapped molecules
through their web-like surfaces [26]. The component of hydrogel, gellan gum, is a mi-
crobial polysaccharide that is derived from Sphingomonas elodea, previously known as
Pseudomonas elodea. Significantly, gellan gum is nontoxic, biocompatible and biodegradable,
and the resulting hydrogels are transparent and stable [27]. To date, this biopolymer-based
hydrogel has been gaining substantial attention as a potential carrier in controlled release
studies [28].

Based on the foregoing, it is believed that the encapsulation technology provides
stability and protection to enhance the effectiveness due to the fact that Carv is unstable in
harsh environment conditions. Carv is volatile, easily evaporates and prone to degradation
during the processing, owing to direct exposure to heat, pressure, light or oxygen [29]. The
goal of this study is to characterise Carv encapsulation efficiency in a hydrogel polymer
system—gellan gum (GG)—as an antibacterial agent. In essence, the embedding of active
hydrophobic compounds (chemical immobilisation or physical encapsulation) requires the
use of emulsifying techniques to produce the hydrophilic films via aqueous dispersions
to compensate for its lack of solubility. Previous studies by Yadava [30] and Vargas [31]
encapsulating lovastatin and thyme essential oil, respectively, report similar processes.
The Carv is encapsulated in biodegradable gellan gum hydrogel as an alternative way
to extend its shelf life and control the release manner, thereby maximising the usage of
the compound. Thus, in this study, the research was carried out to prepare the Carv
encapsulated in gellan gum hydrogel in the form of a thin film and further characterise it
for antibacterial application.

The effectiveness of Carv against E. coli is well established [32]. This antibacterial
activity of Carv has been attributed to its considerable effects on the structural and func-
tional properties of cytoplasmic membrane [7]. The mechanism of action is believed to be
associated with the damage to the cell membrane. Thus, due to the hydrophobic nature
of carvacrol, it interacts with the lipid bilayer of the cytoplasmatic membrane and aligns
itself between the fatty acid chains. This causes the expansion and destabilisation of the
membrane structure, increasing the fluidity and permeability, which finally inhibit the cell
growth [33]. A high degree of swelling resulted in a higher water content. This affects
the increase in fluidity and permeability and thereby has high expectation to inhibit cell
growth [34].

2. Materials and Methods
2.1. Materials

The chemicals used in this study were glycerine (1,2,3-Propanetriol) (>96%), gelzan
(gellan gum) (>96%), carvacrol (2-Methyl-5-(1-methylethyl)-phenol) (>98%) and calcium
chloride (CaCl2) (>96%). All chemicals were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Sodium dihydrogen orthophosphate (NaH2PO4) (≥98%) was purchased from BDH
Chemicals Ltd. Poole, UK, sodium hydrogen carbonate (NaHCO3) (≥99.8%) was provided
by Fisher Brand (Leicestershire, UK), sodium chloride (NaCl) (≥99%) was obtained from
AnalaR (Poole, UK) and potassium chloride (KCl) (≥99.5%) was purchased from HmbG
Chemicals (Darmstadt, Germany). All chemicals were used directly without any purifi-
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cation. The strain of Escherichia coli (E. coli Dh5alpha), the plasmid of which carries gene
resistance against ampicillin, was used in the antibacterial activity study.

2.2. Preparation of Carvacrol Gellan Gum Thin Films (GG-Carv)

GG-Carv was synthesised via in situ drug loading, in which the Carv was first put
to disperse in deionised water (18 MΩ cm) to a specific concentration and mixed with
the dissolved 1 g of gellan gum. This mixture was then mixed with CaCl2 to establish
the physical crosslinking. The solution was stirred at 500 rpm using a hotplate set at a
temperature of 80 ◦C and mixed for 2 h to ensure homogeneity, and then 5 mL of glycerine
was added as plasticiser. The resulting solution was poured into the petri dish and left
in the oven for 48 h at 35 ◦C and then stored in a desiccator at room temperature for
further characterisation.

In this study, GG-Carv was encapsulated with Carv at various concentrations; 0.01,
0.02, 0.04, 0.08, 0.16 and 0.32 M and are hereafter referred as GG-Carv 01, GG-Carv 02,
GG-Carv 04, GG-Carv 08, GG-Carv 16 and GG-Carv 32, respectively.

2.3. Characterisations

Fourier transform infrared (FTIR) spectra of the samples were recorded in the range
of 4000–400 cm−1 on a Perkin-Elmer 1752X Spectrophotometer (Llantrisant, UK) with the
KBr disc method, in conjunction with the elemental analysis, LECO CHNS-932 Analyser
(St. Joseph, MI, USA). The surface morphology and the cross-section of sample were ob-
served by using Variable Pressure Scanning Electron Microscopy (VPSEM). This was used
for the examination of the samples that are not compatible with high vacuum conditions.
The samples were prepared and freeze-dried at −80 ◦C for 2 days to expel the moisture.
Then, the samples were fixed on the aluminium stubs and gold coated before imaging. The
model used in this study was LEO 1455 VPSEM (VPSEM, Kensington, UK).

2.4. The Study of Swelling Percentage

In this study, Pseudo Extra Cellular Fluid (PECF) buffer solution was used and for
the preparation of the buffer, an amount of 0.68 g of NaCl, 0.22 g of KCl, 2.5 g of NaHCO3
and 0.35 g of NaH2PO4 were dissolved in 100 mL of deionised water. The solution was
stirred until fully dissolved and the resulting solution was then adjusted to pH 5.5 using
10% nitric acid.

Water uptake of GG-Carv with the dimensions of 2 cm × 2 cm was measured by
weighing the dried films (Wd) prior to immersion in 20 mL of PECF buffer solution with
pH 5.5 at room temperature. The subsequent weight was recorded every 24 h. The films
were removed after 72 h, wiped gently with a tissue to expel surface solution and then
weighed (Ww). The percentage of water uptake was then determined from the equilibrium
swelling ratio:

Swelling Percentage (%) =
Ww − Wd

Wd
× 100 (1)

where Ww is the weight of wet samples and Wd is the weight of dry samples.

2.5. The Study of Degradation Percentage

Degradation of GG-Carv was measured by weighing its initial weight of 1.0 g (Wi)
and leaving it on a Petri dish at room temperature. The degradation test was performed
at room temperature considering to the potential of dermal applications and the common
storage temperature. The subsequent weight was recorded every day until a constant
weight (Wf) pattern was observed. The percentage of degradation was then determined
from the equilibrium degradation ratio:

Degradation Percentage (%) =
W f − Wi

Wi
× 100 (2)

where Wf is the final weight of samples and Wi is the initial weight of dry samples.
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2.6. The Study of Antibacterial Activity

The antibacterial efficiency of Carv was evaluated using two methods, which are disc
diffusion test and detection of bacterial growth by optical density.

2.6.1. Disc Diffusion Test

This study was evaluated by following the disc diffusion test method. The GG-Carv
with a diameter of 6 mm (similar to the disc size) was placed onto the surface of the Luria
Bertani (LB) agar plate incorporated with ampicillin (Amp) and seeded with 100 µL of
E. coli culture. The plates were incubated at 37 ◦C for 18 h and the noticeable bacterial
inhibition zone around the polymeric thin film was then observed and measured. The
standard disc with impregnated antibiotics, ampicillin and kanamycin (Kana), were also
assayed as the negative and positive control, respectively.

2.6.2. Detection of Bacterial Growth by Optical Density (OD)
The Antibacterial Effect on Cell Viability

Here, 10 mL of LB broth incorporated with ampicillin was seeded with 100 µL of
E. coli and incubated for 16 h prior to the addition of GG-Carv 08 with dimensions of
10 × 10 mm and 0.08 M Carv. The E. coli culture without any further addition was used as
the negative control. The OD of each tube was then measured for every subsequent hour
at a wavelength of 600 nm against the standard medium.

The Antibacterial Effect on Cell Growth

Here, 10 mL of LB broth with the addition of ampicillin was seeded with 100 µL of
E. coli culture. The GG-Carv 08 and 0.08 M Carv was directly placed into the bacterial
culture. The OD of each tube was then measured every subsequent hour. The E. coli culture
without any further addition was used as the negative control.

3. Results
3.1. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Shifting or disappearances of the frequency of functional characteristic peaks indicate
the interaction between polymer and drug [35]. The hydrophilicity, which was reported to
be the main factor in a hydrogel’s ability to swell, is influenced by the presence of hydroxyl,
carboxyl, sulphonic, amidic and primary amidic functional groups [36]. Thus, the IR peaks
of pure GG and GG with Carv are compared.

Chemical structures of the samples were characterised by FTIR (Figure 1). In gen-
eral, Carv (Figure 1a) showed characteristic peaks at 3360.88 cm−1 (phenolic–OH group),
2958.46 cm−1 (C–H stretching), 1583 and 1511 cm−1 (C–C ring stretching), 1421 cm−1

(O–H bending), 1359 cm−1 (isopropyl group), 1242 cm−1 (C–O stretching) and 864 cm−1

(aromatic ring). Meanwhile, the peaks of pure GG (Figure 1b) can be seen at 3273 cm−1

(O–H stretching), 2933 cm−1 (C–H stretching), 1625 cm−1 (C=C stretching), 1427 cm−1

(C–H bending), 1033 cm−1 (C–O stretching) and 919 cm−1 (C–H bending).
From the results obtained (Figure 1c–g), all GG-Carv samples showed peaks in the

ranges of 3266–3290 cm−1 (O–H stretching) and 2887–2933 cm−1 (C–H stretching), which
belong to both gellan gum hydrogel and Carv. Furthermore, the peaks at 1637–1642 cm−1

and 1408–1415 cm−1 (C–C ring stretching), 1033–1036 cm−1 (C–O stretching) and 850–918
(aromatic ring), which belong to Carv exist in all GG-Carv samples, reflect the existence of
Carv in the gellan gum hydrogel polymer.
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3.2. Elemental Analysis

Hypothetically, gellan gum contains the carbon and hydrogen; therefore, to determine
the carbon content of gellan gum containing Carv, the resulting carbon percentage will be
subtracted from the carbon content of free-standing gellan gum. Table 1 shows the weight
percentage of carbon, C and hydrogen, H for pure GG and encapsulated GG with various
concentrations of Carv. From Table 1, it can be observed that in GG-Carv, the content of C
showed an increasing pattern as the concentration of Carv increased. This inclining amount
resulted due to the encapsulation of Carv anion and caused the content of C to increase.
Similarly, the H content in GG-Carv exhibited the increasing pattern as the concentration
of Carv increased.
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Table 1. Elemental analysis of weight percentage of carbon, C and hydrogen, H for pure GG and
encapsulated GG-Carv with various concentrations of Carv.

Material
Weight Percentage (%)

C H

Pure GG 20.33 8.97

GG-Carv 01 22.52 9.08

GG-Carv 02 23.76 9.29

GG-Carv 04 26.77 9.52

GG-Carv 08 27.42 9.90

GG-Carv 16 28.45 10.21

GG-Carv 32 29.62 10.40

3.3. Variable Pressure Scanning Electron Microscopy (VPSEM) Analysis

VPSEM micrographs were used to study the surface and cross sectional area of GG-
Carv. The observation was made at 1000 times magnification. This powerful technique
is widely used to capture the characteristic “network” structure in hydrogels [37], encap-
sulation potential [38], supporting information for release study [39] and crosslinking
density [40].

3.3.1. Surface Morphology

A clear network structure can be observed on the surface morphology of pure GG
(Figure 2a). Meanwhile, GG-Carv (Figure 2b–g) exhibited a round-shaped structure scat-
tered evenly, which is possibly due to the Carv binding to the surface of gellan gum
hydrogel. The appearances of these structures were more abundant as the concentration of
Carv increased with an average diameter of 5 to10 µm.
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3.3.2. Cross Sectional Morphology

Unpacked layers’ structure can be observed in the cross-sectional morphology of pure
GG film (Figure 3a). Meanwhile, GG-Carv (Figure 3b–g) displayed very compact layers
as the concentration of Carv increased. This can be explained due to congestion of Carv
molecules residing in between the layers.
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3.4. Swelling Percentage

Hydrogels are three-dimensional, hydrophilic, polymeric networks capable of im-
bibing large amounts of water or biological fluids [41]. They also provide the effect of
becoming a semi-permeable membrane. When hydrogels are treated in an open system
and placed in excess solutions, swelling may occur [42]. Similarly, gellan gum has the
tendency to incur high swelling behaviours, but this trend will reduce as more Carv is
added into the system for encapsulation. In order to accommodate more of the compound,
the swelling rate of gellan gum reduces.

The result showed that the swelling percentage (Figure 4) increased with time. Table 2
shows the swelling percentage of gellan gum with Carv loading concentrations. As higher
concentrations of Carv were used, the absorption of the solutions was less observed.
This was reflected in GG-Carv 32, where the highest concentration of Carv caused the
lowest swelling percentage due to the formation of more rigid structure of gellan gum
hydrogel. Carv is known as a hydrophobic phenolic compound [43]. Thus, the resistance
effect towards the solutions which account for the hydrophobicity of Carv also resulted
in decreased swelling. Consequently, the higher the concentration of Carv, the higher the
expected water resistance of the film.
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Table 2. The effect of Carv loading on swelling percentage of GG.

Materials Carv (M) Swelling Percentage (%)

GG-Carv 01 0.01 680

GG-Carv 02 0.02 670

GG-Carv 04 0.04 650

GG-Carv 08 0.08 645

GG-Carv 16 0.16 550

GG-Carv 32 0.32 540

3.5. Degradation Percentage

Most of the degradation study of gellan gum was usually achieved in vivo through
the action of enzymes and in vitro [44] in accordance with their application in tissue
engineering. However, to understand the degradation behaviour of polymers aimed to be
used on the skin, it is important to predict and ultimately be tuned in to their condition at
common room temperature for humans. One study reported that a modified gellan gum
reacted with methacrylic anhydride and calcium added has an optimised thiol/ene ratio
and mixed-mode crosslinking mechanism, which yielded to stiffer hydrogels related to
an increase in fibroblast proliferation [45]. Modification of the fabrication of the gellan
gum material will truly affect the degradation and the swelling properties in finding the
appropriate application.

The percentage of degradation (Figure 5) was found to increase with time. However, it
was inversely proportional to the concentration. As the concentration of Carv increased, the
degradation percentage decreased. Similar to the swelling results, this might be explained
by the formation of a more rigid structure of gellan gum hydrogel occurring in GG-Carv at
higher concentrations. Hence, this stability resulted in more durable GG-Carv against the
environmental conditions as the concentration increased.
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3.6. The Antibacterial Activity

We chose to evaluate the antibacterial activities of GG-Carv 08 through qualitative
and quantitative studies against the same type of bacteria, Escherichia coli (E. coli Dh5alpha)
strain, the plasmid of which carries gene resistance against ampicillin. A qualitative study
was conducted by following the disc diffusion method. Meanwhile, the quantitative study
was examined through the detection of bacterial growth by optical density (OD) in two
conditions, the antibacterial effect against cell viability and cell growth.

3.6.1. Disc Diffusion Test

The purpose of the qualitative studies conducted by disc diffusion test was to examine
the efficiency of gellan gum hydrogel to release the encapsulated Carv and inhibit bacteria.
The inhibitory effects of GG-Carv 08 against E. coli were then compared with the standard
antibiotics, with kanamycin as a positive control and ampicillin as a negative control. After
18 h of incubation at 37 ◦C, results showed that pure GG demonstrated no sign of an
inhibition zone (Figure 6d), reflecting that GG does not possess antibacterial properties
on its own. The same observation was found on the negative control, ampicillin, which
also exhibited no sign of an inhibition zone, which proved that the E. coli were resistant to
ampicillin, and it behaves accordingly (Figure 6c).

In contrast, GG-Carv 08 displayed a significant antibacterial activity with a clear
inhibition zone of 200 mm (Figure 6a), which in this case was larger than the inhibition zone
of the standard antibiotic, kanamycin, with only 130 mm (Figure 6b). This finding directly
highlights the potential of Carv, a natural compound, to be utilised as an antibacterial agent
and as an alternative approach to conventional antibiotics. This result also indicates that
gellan gum hydrogel works as effective carrier and is capable of releasing carvacrol in a
sustained manner within 18 h.

The effectiveness of Carv against E. coli is well established [32]. This antibacterial
activity of Carv has been attributed to its considerable effects on the structural and func-
tional properties of cytoplasmic membrane [7]. The mechanism of action is believed to
be associated with damage to the cell membrane. Thus, due to the hydrophobic nature
of carvacrol, it interacts with the lipid bilayer of the cytoplasmatic membrane and aligns
itself between the fatty acid chains. This causes the expansion and destabilisation of the
membrane structure, increasing the fluidity and permeability, which finally inhibit the cell
growth [33]. A high degree of swelling resulted in a higher water content. This affects
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the increase in fluidity and permeability thereby has a high expectation to inhibit cell
growth [34].
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control (Kanamycin), (c) negative control (Ampicillin) and (d) pure GG.

3.6.2. Detection of Bacterial Growth by Optical Density (OD)

In order to further investigate the antibacterial activity of GG-Carv 08, the quantitative
test was performed through the detection of bacterial growth by optical density (OD) in
two conditions, the antibacterial effect against cell viability and cell growth.

The Antibacterial Effects on Cell Viability

This study was performed with the intention to compare the efficiency of the encap-
sulated GG-Carv with free-standing Carv against bacteria that are in a state of very low
metabolic activity and limited available nutrients. Based on the results shown in Figure 6,
the growth curve of E. coli followed the normal phase of bacterial growth (Figure 7a),
which in this case was used as the negative control. Meanwhile, the E. coli culture with the
addition of free-standing Carv (Figure 7c) exhibited a decrease in bacterial cells but started
to remain constant at the 21st hour. This can be explained by the environment conditions
that might affect the efficiency of Carv and become deteriorated. As reported previously,
Carv is a bioactive compound that easily evaporates and is prone to degradation, owing to
its properties when exposed heat, pressure, light or oxygen [29].
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Meanwhile, the addition of GG-Carv 08 to the E. coli culture (Figure 7b) demonstrated
a gradual and continuous decrease in bacteria cells, but in a slow and sustained manner.
This trend was expected to continue for extended hours until the maximum release of Carv
could be achieved. Above all, this result reflects that the main function of the host, gellan
gum hydrogel, had successfully controlled the release of Carv. In further applications, the
prolonged antibacterial effect can be expected from GG-Carv to treat infectious bacteria.

The Antibacterial Effects on Cell Growth

This study demonstrated the antibacterial effects on cell growth. The growth phase of
bacteria is defined as an increase in bacterial number in a population rather than in the size
of individual cells. Thus, with the addition of GG-Carv 08 and Carv, the inhibition of the
growth and the dead cells are considered to have disrupted or broken membranes due to
the antibacterial activity of carvacrol against bacteria. This mechanism of action is believed
to be associated with the damage caused to the cell membrane [46]. Thus, this study was
performed with the intention to compare the efficiency of the encapsulated GG-Carv with
the free-standing Carv against bacteria that are in a state of very high metabolic activity
and high nutrients available.

According to the results, the growth curve of E. coli followed the normal phase of
bacterial growth throughout the 10 h (Figure 8a), which in this case were used as the
negative control. In contrast, the trends of E. coli culture with further addition of GG-Carv
and free-standing Carv were similar with previous antibacterial effects on cell viability,
respectively, both showing a reduction. The E. coli cultures with immersed GG-Carv
showed the significant and continued decline of growth but still in controlled manner
(Figure 8b). Meanwhile, the E. coli cultures with free-standing Carv exhibited a great
decline, but started to remain constant at the 9th hour (Figure 8c). The results obtained
in this study prove that encapsulated Carv performed better than the free-standing Carv.
Hence, it has been proven that the encapsulation technology enhanced the release of Carv
and the usage of this compound could be maximised in further applications.
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4. Conclusions

The preparation of carvacrol encapsulated in gellan gum hydrogel in the form of a
thin film (GG-Carv) was successfully achieved. This was confirmed by the FTIR spectrum
of GG-Carv, which showed the combination of both functional groups from the hydrogel
and Carv. The elemental analysis further supported the encapsulation with the observed
changes to the element percentage. Similarly, the swelling percentage and percentage of
degradation increased with the time in normal environmental conditions, but showed
a decreasing trend with concentrations of Carv being loaded into the system. GG-Carv
showed significant antibacterial activity against E. coli, with a clear inhibition zone of
200 mm. Subsequently, the detection of bacterial growth through optical density showed
enhancement with continuous decline throughout the study as compared to free-standing
Carv. Incorporating Carv together with gellan promotes the bioavailability and bio-delivery.
Hence, the gellan gum hydrogel is proven to be an effective carrier of carvacrol for an-
tibacterial applications. This study has generated fundamental knowledge of gellan gum
hydrogel Carv films which could be used and further explored in appropriate bacterial
conditions with enhanced properties for the development of antibacterial applications.
Subsequently, this would pave the way towards potential applications as wound-healing
patches as well as in the development of more sterile food packaging systems.
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Abstract: Recently Bisphenol A (BPA) is one of the persistent trace hazardous estrogenic contaminants
in the environment, that can trigger a severe threat to humans and environment even at minuscule
concentrations. Thus, this work focused on the synthesis of neat and magnetic biochar (BC) as a
sustainable and inexpensive adsorbent to remove BPA from aqueous environment. Novel magnetic
biochar was efficiently synthesized by utilizing palm kernel shell, using ferric chloride and ferrous
chloride as magnetic medium via chemical co-precipitation technique. In this experimental study,
the influence of operating factors comprising contact time (20–240 min), pH (3.0–12.0), adsorbent
dose (0.2–0.8 g), and starting concentrations of BPA (8.0–150 ppm) were studied in removing BPA
during batch adsorption system using neat biochar and magnetic biochar. It was observed that the
magnetically loaded BC demonstrates superior maximum removal efficiency of BPA with 94.2%, over
the neat biochar. The functional groups (FTIR), Zeta potential, vibrating sample magnetometer (VSM),
surface and textural properties (BET), surface morphology, and mineral constituents (FESEM/EDX),
and chemical composition (XRD) of the adsorbents were examined. The experimental results demon-
strated that the sorption isotherm and kinetics were suitably described by pseudo-second-order
model and Freundlich model, respectively. By studying the adsorption mechanism, it was concluded
that π-π electron acceptor–donor interaction (EAD), hydrophobic interaction, and hydrogen bond
were the principal drives for the adsorption of BPA onto the neat BC and magnetic BC.

Keywords: neat biochar; palm kernel shell; magnetic biochar; adsorption mechanism

1. Introduction

Recently, the safety and quality of drinking water has been problematic owing to
rapid urban development induced by human activities. The upsurge of some micro-
contaminants identified as endocrine disrupting compounds (EDCs) has elicited increasing
concerns over the supply of safe and clean drinking water [1–3]. Particularly, Bisphenol
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A (BPA; 2,2-bis(4-hydroxyphenyl)propane) is an intermediate and highly essential raw
material highly utilized in the manufacture of several polycarbonate plastics and epoxy
resins (plastic component), food cans, polyester fibers, and thermal paper as well as other
materials in industry, thus it frequently emerges in numerous products for daily use, such
as electronic equipment, water-pipes, toys, or paper [4,5]. Globally, BPA is classified among
the most ever-present and most extensively produced synthetic chemical compounds in
manufacturing today, with more than three million tons generated annually [6]. Markedly,
the manufacture and sale of plastics comprising BPA has been prohibited by the Brazilian
government since 2012, owing to its environmental universality, elevated industrial output,
and toxicological consequence, and it has been classified as an important contaminant
in water purification in many regions and nations [7]. Furthermore, exposure to BPA is
through tableware and polycarbonate bottles, including those employed for new-born
formula milk, and by means of epoxy resin coatings inside beverage and food containers,
dental fissure sealants, adhesives, epoxy-based surface coatings, canned goods, household
dust, and printing inks [5,6] and massively released into the water environment [8]. BPA in
plastic containers can hydrolyse and pollute groundwater via landfill leachate [9]. Risen
plastic industries trigger profuse discharge of BPA into the environment and it is detected
in drinking and surface water [10]. More unfortunately, BPA has undesirable ecological
impacts that are associated with dysfunction of the hormone system in animals and humans,
even at very minuscule concentration. Specifically, an estrogenic action of BPA can provoke
cancer [11–13], neurological challenges, diabetes, tumors, obesity, immune effects, heart
disease in humans, damaged reproductive function, disturbance of the normal hormone
functions, and undesired physiological state in animals and humans, biomagnification, and
bioaccumulation through food chain or food web in human beings [14,15]. Besides, the
dysfunction and damages caused by BPA are long-term [16]. Therefore, releasing water-
containing BPA into waterways without adequate treatment poses a damaging impact on
the environment (humans and aquatic) [17]. Owing to the frequent extensive utilization of
BPA-based products by humans with their associated negative impacts on public health
and ecosystem, hence, the removal of BPA became unavoidable. Extensive efforts have
been employed towards extenuating the undesirable effects and environmental hazards by
reducing the contaminants’ concentration using various treatment technologies, including
precipitation, coagulation, activated sludge, biological filter, and constructed wetlands, with
inadequate effect on BPA removal [18–21]. Some relatively advanced treatment techniques,
such as ozonation and advanced oxidation [22,23], Fenton oxidation [24], membrane
technology [25,26], photocatalysis degradation [27], enzymatic degradation [28,29], and
adsorption technique utilizing activated carbon [30–32] exhibit a good BPA removal from
wastewater and drinking water. Yet, the above treatment approaches still have significant
drawbacks, such as high capital and maintenance cost, complex treatment procedures
with increased operating expenses, costly capital expenses (CAPEX), generation of toxic
by-products which hamper their application in developing nations [33]. Noticeably, among
the aforementioned water-treatment approaches, adsorption technique is found more
suitable, environmentally friendly, relatively economical, robust, and simple, and it could
efficiently be employed in large-scale applications devoid of generating by-products in
the environment [34,35]. Adsorption method has attracted wide attention and has been
extensively considered as a promising technology for removing BPA pollutant during
the past two decades, due to its ease of configuration and application, high efficiency,
insensitivity to poisonous compounds, low cost, and comparatively small footprint as
compared to other water-treatment methods [31].

Several adsorbents are available, however, carbon materials have been reported to
perform remarkably owing to their several benefits, such as enormous surface area, su-
perior stability, and outstanding removal efficiency [36]. Activated carbons generated
from biomass wastes are often used as adsorbent during the adsorption process for the
removal of emerging pollutants [37,38], since it can efficiently and rapidly remove BPA
as a result of its abundant surface area as well as adsorptive capacity; but, its preparation
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is highly expensive. Thus, various studies have considered reliable resources, low-cost,
and environment-friendly materials as alternative adsorbents [38,39]. Thus far, traditional
carbonaceous materials, such as BC, activated carbon, graphene oxide together with its
derivates, and carbon nanotubes, have been studied as promising adsorbent materials
for hydrophobic organic pollutants, including pharmaceutical compounds and EDCs [40].
Furthermore, biochar as an adsorbent has porous structure comparable with activated
carbon, which is the most generally utilized and effective sorbent for the removal of various
contaminants from water globally [41].

Biochar, a major pyrogenic by-product obtained from the complete or partial pyrol-
ysis of naturally plenteous biomass under oxygen-deficient conditions [42], has several
macropores, hence it could attain a superior adsorption capacity [43]. More importantly,
BC exhibits superior unique properties, such as augmented surface functional groups,
porous structure, abundant specific surface area, eco-friendly, low-cost, ample inherent
mineral components, high cation exchange capacity, and, notably, is efficient in the removal
of various hydrophobic and hydrophilic organic pollutants owing to its high aromaticity
and hydrophobicity [40,44,45]. These properties have made BC to be the best and most
promising precursor over other adsorbent materials for various contaminants removal.
Synchronically, after pyrolysis, BC can be reapplied to sorb contaminants in water; thus, it
has abundant utilization value [46]. However, the minuscule particle size of BC in addition
to its lower density makes its regeneration, separation, and recovery more problematic after
adsorption, and this could undermine its recycling capacity and industrial applications.
In order to subdue these difficulties, few studies have considered synthesis of magneti-
cally recyclable biochar (magnetic biochar) via the implantation of iron oxide (Fe3O4 and
Fe2O3) [47]. For instance, Lu et al. [48] studied the removal of BPA using N-doped ulva
prolifera (marine macroalgae). Over 90% of BPA was eliminated and the sorption capacity
of 9.19 mg/g was attained within 4 hrs. In another application, Heo et al. [49] synthe-
sized CuZnFe2O4 composite biochar using bamboo to enhance the removal of BPA and
sulfamethoxazole (SMX) from aqueous solution. The adsorption capacity of 263.2 mg/g
was recorded when CZF–biochar adsorbent was applied to remove BPA. It was observed
that the sorption capacity was improved for SMX and BPA when CZF nanomaterials were
impregnated on the surface of biochar. Furthermore, Wang et al. [16] use grapefruit peel
biochar to remove BPA under variable adsorbent dosage, pH, and contact time. The authors
reported that pH has a significant influence on the adsorption of BPA and that almost 100%
BPA removal was achieved at a pH (6).

In Malaysia, the agro-industrial sector generates a substantial volume of biomass solid
wastes, predominantly from palm oil mills which produce the huge expanse of biomass,
including palm kernel shells (PKS), empty fruit bunches, oil palm fibers, and palm oil
mill effluents [50]. Malaysia recorded the largest export of 19.9 million tonnes (mt) from
oil palm biomass residues in 2017 [51]. With the expansion of palm oil production in
Malaysia, the volume of residue generated has correspondingly risen. Approximately
50–70 tonnes of biomass residues could be produced from a hectare of oil palm planta-
tion [52]. Thus, the palm oil industry is presently generating around 50 mt of dry oil
palm residues annually and attain 100 mt per year by 2020 [53]. Notably, PKS has the
maximum commercial consumption value as compared to other oil palm biomass [54].
Besides, the specific characteristics of PKS-BC (palm kernel shell biochar), particularly its
porous structure, enhancement of functional groups, its huge specific surface area, and
improved mineral component, make it suitable for use as adsorbent material [42]. Despite
this huge potential, PKS is considered as biomass waste, generating superfluous waste of
resources and environmental nuisance [55].

There is still a lack of reports on the adsorption of BPA using PKS magnetic BC, as well
as its adsorption mechanism which is yet to be explored and needs to be investigated. In
view of this highlight, PKS biomass waste that is available in huge quantities in Malaysia
was applied as a precursor for the synthesis of magnetic BC as a sustainable and inexpensive
adsorbent for the removal of BPA from aqueous solutions via adsorption procedure.
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Magnetic BC was synthesized using the chemical co-precipitation method. A batch ad-
sorption test was employed to evaluate the maximum adsorption capacity of BC produced
from PKS. The effects of essential factors, in particular contact time, adsorbent dosage,
ionic strength, initial BPA concentration, and pH, on the adsorption of BPA by NBC (neat
biochar) and MBC (magnetic biochar) were studied. The adsorption mechanism of BPA by
synthesized BC was examined together with the analysis of the NBC and MBC, to boost the
study of the adsorption of BPA by NBC and MBC. The adsorption isotherm was stimulated
via Freundlich and Langmuir models. The adsorption kinetics and reusability of the novel
synthesized PKS-BC were also investigated.

2. Materials and Methods
2.1. Materials and Chemicals

All chemicals: Bisphenol A (99% purity) reagent, ferric chloride hexahydrate (FeCl36H2O),
ferrous sulfate heptahydrate (FeSO47H2O), and sodium hydroxide (NaOH) (AR) utilized
in this study were of analytical grade and purchased from Sigma-Aldrich (West Chester,
PA, USA) and applied without additional purification. Distilled water (DW) was utilized
for the preparation of all the aqueous solutions during the entire experiment. The BPA
solution utilized in the experiment was carefully prepared prior to each experiment to
avoid possible microbial degradation. The chemical and physical properties of BPA are
presented in Table 1. The PKS biochar was obtained from AMR Environmental Sdn Bhd,
located at Johor, Bahru, Malaysia.

Table 1. Properties of Bisphenol A (BPA).

Compound Name Lipid-Water Partition
Coefficient (Log Kow)

Molecular Mass
(g/mol.)

Chemical
Structure

Molecular
Formula pKa

Bisphenol A 3.32 228
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2.2. Synthesis of Magnetic Biochar

The impregnation of biochar with magnetite using co-precipitation of ferric and
ferrous salts on carbonaceous materials method was according to the procedure employed
in previous studies [16]. Initially, the PKS-BC sample was grounded and modified using
high energy ball milling (HEBM) for 3 hrs to achieve a nano-sized biochar. The obtained
ball-milled powdered BC was passed through 50–63 µm sieves and washed with distilled
water and ethanol three times. Afterwards, the PKS-BC was oven-dried overnight at 110 ◦C.
The obtained dried BC was collected in a bottle container, sealed, and labelled as NBC
and kept in a desiccator for further use. In the next phase, 8.5 g of the dried PKS-BC was
soaked in a 100 mL of FeCl3 of 0.25 mol·L−1 and 0.125 mol·L−1 of FeSO4 solution and
uniformly mixed via the magnetic stirrer. The mixtures were subjected to heat at 60 ◦C
with constant stirring to ensure that Fe3+ and Fe2+ could saturate into BC and later allowed
to cool to 40 ◦C. Subsequently, 100 mL of 1 mol·L−1 of sodium hydroxide (NaOH) solution
was dropwisely added to the solution and stirred until the pH attained the range of (10–11),
and the colour of the solution transform from brownish green to black. Fe3O4 precipitation
was formed on the surface of carbon materials under this alkaline condition. Upon the
completion of the reaction, the NaOH-impregnated biochar solution was adequately stirred
for 60 min to achieve better dispersion and homogenous mixture. The resultant mixture
was separated by an external magnet and rinsed with distilled water until the solution
pH closed to 7 and then oven-dried at 70 ◦C for 12 h. The final modified BC sample was
grounded and collected into a bottle container, sealed, and labelled as MBC and kept in a
desiccator thereafter.
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2.3. Characterization of Neat and Magnetic Biochar

The magnetic properties and magnetization curve of MBC was determined using a
vibrating sample magnetometer (Lakeshore 7404, Westerville, OH, USA) with an applied
field between −10,000 and 10,000 Oe at room temperature, from American Quantum.

Surface functional groups of the BC samples (before and after modification) were con-
firmed using Fourier transform infrared (FTIR) spectroscopy (Perkin Elmer, 1650 Spectrometer)
within the scanned range of 400 to 4000 cm−1 using the attenuated total reflection method.

The textural properties such as surface area, pore volume, and pore size distribution
of the samples were determined by the standard N2 physisorption procedures using
Micrometrics analyzer (Tristar II Plus model) and determined in line with the Brunauere
Emmentte Teller (BET) technique with degassed temperature of 350 ◦C.

X-ray diffraction (XRD) was used to analyse the phase and chemical composition of
the prepared BC adsorbents at Cu Kα radiation (2θ spectrum = 20–80◦; phase = 0.05◦ 2θ;
time per step = 0.2 s) via X-ray powder diffractometer (Rigaku MiniFlex 600). The composi-
tions and surface morphologies of the samples were detected by field emission scanning
electron microscopy (FESEM, Zeiss ULTRA 55) and energy dispersive spectroscopy (EDS,
Bruker/Quanta 200), Westerville, OH, USA).

Also, the pH of BC was assessed viz: BC was blended with distilled water at (1:10)
mass ratio, agitated magnetically for 30 min, and subsequently kept for 60 min. Afterwards,
the pH of BC was determined by a pH5S Spear pH tester (T531009086, Shanghai, China).

2.4. Analysis of Surface Chemistry of Biochar (pHpzc)

The surface chemistry of neat and magnetically-modified biochar was performed
experimentally using the pH at the point of zero charge according to the procedure of [56]
with slight modifications. Ten samples of varying pH (2.0–11.0) were prepared using a
0.01 M aqueous solution of sodium acetate (C2H3NaO2) as the base electrolyte. The pH
of the solution was adjusted using either 0.1 M of NaOH or 0.1 M HCl aqueous solution.
Then, 0.1 g of magnetic and neat samples of BC were carefully added to each 20 mL of the
prepared solutions in a conical flask placed in a swing agitator at a speed of 120 rpm at
298 K room temperature and stirred for 48 h. Afterwards, the resultant supernatant was
then decanted, and its pH was determined. The value of pHpzc was computed from a plot
of pH of the initial solution against pH of the supernatant [57,58]. Thus, the zeta potentials
of neat biochar (NBC) and magnetic biochar (MBC) were examined via zeta potential
analyzer (Zetasizer Nano Plus 3, Zeta/nano particle analyzer, Malvin, Austin, TX, USA).

2.5. Adsorption Experiment

Definite amount of NBC and MBC adsorbents (50.0 mg) and 125.0 mL of BPA solution
were weighed and added to a set of 250 mL; Erlenmeyer conical flasks sealed externally
using aluminium foil to avoid probable photodegradation. The mixture was then placed
on an orbital shaker (HY-8, Shanghai, China) and agitated mechanically at 160 rpm at
room temperature for 24 h to achieve equilibrium condition. Upon the completion of the
agitation process and at pre-specified times, the solution was rapidly removed and filtered
using 0.4-µm membrane and the absorbance of the supernatants were analyzed spectropho-
tometrically at a wavelength of 276 nm using a double beam UV-visible spectrophotometer
(Shimadzu UV-1800, Kyoto, Japan) with a pair of 10 mm matched quartz cells, and the con-
centrations were converted into the established BPA calibration (standard) curve [59,60].

In the single-variable experiment, the effects of adsorbents (BC) doses (0.2–0.8 g;
BPA = 20 ppm), pH range were adjusted by 0.01 mol/L HCl and 0.01 mol/L NaOH solution
(3.0–12.0; BPA = 20 ppm), contact time (20–240 min; BPA = 20 ppm), ionic strength (Na+

concentration: 0, 0.2, 0.4, 0.6, 0.8, and 1.0 mol/L, BPA = 20 ppm); initial BPA concentrations
(8–150 ppm), and reaction temperature (298.15, 318.15, and 338.15 K), on the adsorption of
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BPA by NBC and MBC were studied. The amount of BPA adsorbed on BC adsorbent was
determined using the following Equation (1):

qt =
(CS − Ct)

M
×V (1)

where, Cs and Ct are the starting and residual concentrations of BPA in mg/L, M is the
mass of the adsorbent (g); and V represent the solution volume (L).

For the adsorption thermodynamic tests, 0.5 g of the adsorbent and 100 mL of BPA
solution were added to 250 mL conical flask to study the adsorption thermodynamic of
MBC for BPA. The mixtures were stirred in a temperature-regulated incubator shaker
(Excella E24 Incubator shaker series, USA) at a speed of 150 rpm, pH (6) for 60 min
adsorption time, and the adsorption temperature were varied between (298.15 K–338.15 K).

2.6. Statistical Analysis

For the adsorption experiment, each experimental samples and group were carried
out in triplicate, and the average value of the data was considered. The removal efficiency
of BPA (Re%) and quantity of BPA adsorbed (qe) onto BC adsorbent were determined.

The adsorption isotherms, kinetics (20–240 min), and thermodynamics (298.15, 318.15,
and 338.15 K) were studied. Each test was carried out in triplicate, and the average results
were considered.

2.7. Reusability and Regeneration of MBC

The reusability studies on the prospect of desorbing of BPA compounds from MBC are
indispensable based on environmental and economical perspective, in addition to industrial
applicability [61]. With the purpose of achieving regeneration of MBC, an efficient and
green eluent was considered. The reusability of MBC at the starting BPA concentration of
20 ppm was assessed by rinsing BPA-ladened MBC with 0.1-M NaOH and distilled water
and subjected to ultrasonication, and then followed by oven-drying at 60 ◦C overnight
after magnetic field separation [49]. The MBC was repetitively used five times, and the
values of qe was noted accordingly.

2.8. Adsorption Isotherm

Adsorption isotherm was employed to compute the quantity of adsorbed BPA on
BC based on BPA concentration at a steady temperature. The application is based on
standardizing the amount of BPA adsorbed by the mass of BC adsorbent and this confirms
comparison with Isotherm models.

2.9. Langmuir Adsorption Isotherm

The Langmuir model relies on the assumption that uptake of BPA takes place on a
homogenous surface via monolayer adsorption with no interaction between adsorbed
materials. It also presumes that all sorption sites are ‘correspondingly active’, and the
surface is robustly homogeneous [62]. Principally, the larger values of R2 signify the
significance of the adsorption model for contaminants removal in water. The value of RL
between 0 and 1 implies that the isotherm is advantageous. The isotherm is unsuitable
if RL > 1, linear if RL = 1, irreversible if RL = 0, and favorable if RL lies between 0 to 1.
Arithmetically, the Langmuir isotherm model is denoted in Equation (2):

1
qe

=
1

KLqmax.
· 1
Ce

+
1

qmax.
(2)

where Ce represent BPA concentration at equilibrium (mg/L); qmax.(mg/g) is the maximum
single-layer adsorption capacity of the BC adsorbent, qe (mg/g) is the quantity of BPA
adsorbed; KL (mg/g) represent the Langmuir constant closely related to adsorption capacity
for overall monolayer coverage; the intercept (1/KL), slope (1/qmax.), and qmax. could be
evaluated from a plot of 1/qe versus 1/Ce for BPA adsorption onto NBC and MBC.
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2.10. Freundlich Adsorption Isotherm

Freundlich isotherm model was employed to study the uneven distribution on the
surface of the absorbent, which is heterogeneousness in the adsorption process [63]. The
model indicates that the adsorption energy proportionally declines on the endpoint of the
adsorption centres of an adsorbent [64]. The degree of correlation between adsorption
and solution concentration relies on the adsorption intensity, n. The adsorption conditions
can be chemical (n < 1), favourable physical process (n > 1) and favourable linear (n = 1).
The KF and n are Freundlich constants and were found from the graph as the intersection
and slope, respectively. Scientifically, the Freundlich isotherm model can be described in
Equation (3). The graph of ln qe against ln Ce provide a linear plot with an intercept logKF
and slope 1/n, from which R2, KF and n, can be computed, respectively [65].

log qe = log K f +
1
n

log Ce (3)

3. Results
3.1. Results and Discussion
Characterization and Analysis of Synthesized Biochar Adsorbents

The surface chemistry and morphological characterization of BC sorbents are excellent
indicators of adsorption propensity. Hence, VSM, FTIR, FESEM, EDX, and BET surface
analyses, together with the point of zero charge of the adsorbents (NBC and MBC) were
also evaluated.

3.2. Morphological Analysis of Synthesized Biochar

FESEM analysis was conducted to examine the surface morphology of the BC sam-
ples. The presence of abundant pores were observed on the surface of the BC, which was
substantiated by the FESEM micrographs (Figure 1a–c). Images of NBC, MBC (before and
after adsorption) are described in Figure 1b,c. The FESEM analysis of the MBC (prior to
adsorption and after adsorption) was performed to observe the morphological structure
along with the particle size and size distribution of MBC, as presented in (Figure 1b–e),
respectively. From Figure 1a–c, the images showed the particles obtainable are spheri-
cal in shape with a single uniform aggregate and small non-uniform agglomerates. In
Figure 1a, larger particles with a porous and rougher surface were noticed for NBC. Also,
the particles possess more cleavages with few connected to bulks. Furthermore, it can be
observed from the FESEM micrographs (Figure 1a,b) of NBC and MBC, that the surface
of NBC is relatively coarse and rough since the spherical shaped particles with particle
size more than 28.32 nm were agglomerated and attached to each other and the pore form
is not fully developed. Contrastingly, the surface of MBC is comparatively smooth, with
substantial porous structure than NBC, and the surface is filled with numerous nano-iron
oxide particles. The dispersal of Fe3O4 nanoparticles on the surface of BC is relatively
uniform. The surface of MBC developed shinier and smoother surface after adsorbing BPA
(Figure 1c). The average particle size of MBC prior to adsorption as depicted in Figure 1d
was computed to be 28.32 nm. Conversely, after adsorption of BPA, the average particle
size rose to 46.65 nm as showed in Figure 1e, confirming that the adsorption process was
taking place.

3.3. Elemental Analysis of Synthesized PKS Biochar

For this procedure, 1.0 g of each of the samples (NBC and MBC) was utilized for the
EDX analysis. This test studied different component elements existing in each of the BC
samples. The EDX test performed reveal the elemental compositions and distribution both
in the NBC and MBC. Figure 2 presents the elemental analysis of the NBC and MBC. As
revealed in Figure 2, the existence of peaks matches with the carbon (C), oxygen (O), iron
(Fe), and silicon (Si) elements. The intensity of C peak is greater than O, Si, Al, and Fe,
demonstrating the elevated content of C in NBC (Figure 2a). Also, three peaks displayed at
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0.2, 0.5, and 6.40 keV to substantiate the binding energies of Fe3O4 nanoparticles [66]. The
elemental composition of novel MBC was presented in Table 2 with the mass ratio of C, O,
and Fe was 32.52, 27.23, and 38.14%, respectively.
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Figure 1. FESEM (field emission scanning electron microscopy) images of NBC (a), MBC before adsorption (b), magnetic
biochar after adsorption (c), average particle size distribution before (d), and after adsorption (e).

Table 2. Elemental constituents of magnetic biochar.

Elements C O Si Fe Total

Mass ratio (%) 32.52 27.23 2.11 38.14 100.00
Atom ratio (%) 52.40 32.93 1.45 13.22 100.00

The elements of NBC include C, O, Si, Al, and Fe, while the element observed in MBC
were C, O, Si, and Fe. Noticeably, from Figure 2b,c, the Al element entirely disappeared
after the magnetic modification, and also C, and Si weight components were significantly
reduced. This indicates that chemical reactions occur during the modification. Conversely,
Fe and O weight composition were substantially increased in modified MBC as compared
to NBC. Particularly, the oxidation process considerably influences the obtainability of C
active sites, in addition to the structural reformation of the adsorbent [67]. This indicates
that the oxidation activity of the carbonaceous material justified the reduction in the
weight composition of the trace elements, and also the formation of more acidic oxygen-
containing functional groups on the surface [68]. These processes play a significant role in
the development of more active sites for effectual adsorption process. The mass fraction of
Fe in MBC was 38.14%. The high composition of Fe3O4 further proved the success of the
magnetic modification of BC, which agreed with the FTIR and XRD analysis.
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after adsorption (c).

3.4. BET Surface Area Analysis of Biochar

The nitrogen adsorption isotherm of NBC and MBC is presented in Figure 3. Es-
sentially, the physical factors of BC samples that can influence the adsorptive removal of
organic contaminants comprises of effective surface area, total pore diameter and pore
volume. Surface area properties of the NBC and MBC were assessed via BET analysis. The
BET results illustrate the adsorbate–adsorbent relationships of that adsorbed molecules
which are gathered around on the surface of MBC [69]. The results of effective BET surface
area, pore diameter and pores volume for both NBC and MBC are presented in Table 3.
Noticeably from Table 3, the NBC exhibited a superior surface area of 536.54 m2/g, while
MBC had a surface area of 362.07 m2/g. The decline in the surface area of MBC was
possible since the MBC was comprised of a moderate surface area of Fe3O4 and an elevated
surface area carbonaceous, and superfluous iron (Fe) nanoparticles loading could capture
and clog some of the active sorption sites and pores of the NBC [70,71]. This reduction in
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surface area of MBC composites as compared to NBC has also been reported in previous
studies [72,73]. Similarly, the pore size and pore volume of MBC are higher than that of
NBC, which is better beneficial for the sorption of BPA.
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Table 3. Physico-chemical properties of neat biochar and magnetic biochar.

Materials Pore Diameter (Å) Pore Volume (cm3/g) BET Specific Surface Area (m2/g) pHpzc

NBC 15.516 0.416260 536.5398 4.829

MBC 24.427 0.442203 362.0673 5.612

Similarly, the total pore volume of NBC and MBC found were, respectively, 0.416260 cm3/g,
and 0.442203 cm3/g, while MBC modified by Fe3O4 exhibits a better porosity, and presents
a substantial capacity of pollutant adsorption, while after modification with Fe3O4, the exis-
tence of Fe3O4 between layers of MBC upsurges the heterogeneity of the adsorbent, thereby
resulting in a superior porosity [74]. The impregnation of magnetite on BC has no signifi-
cant influence on the pore-volume, surface area, and mean aperture. Iron-amendment can
either decrease or increase the surface area of an adsorbent and this relies on the initial
surface area value of the adsorbent and the proportions of the Fe3O4 particles [75]. The
infrequent blocking of surface micropores from magnetite groups may also be responsible
for the insignificant reduction in surface area. Thus, the adsorption capacity of modified
biochar material is improved. This finding was further corroborated by the FESEM images
and EDS spectra. Figure 3 displays the N2 adsorption–desorption isotherms of N2 at 77 K
of NBC and MBC. The findings revealed that at moderately high relative pressures, the
adsorption isotherm rose relatively than at relatively low pressures. This implies that
the major adsorption takes place at moderately increased pressures and suggests that the
material is highly porous with a narrow size distribution.

3.5. Magnetic Properties of As-Synthesized Magnetic Biochar

The vibrating sample magnetometer (VSM) procedure was used to determine the hys-
teresis loop at room temperature. Most importantly it is employed to quantify the magnetic
properties of a materials with respect to magnetic field, time, and temperature. Besides,
VSM analysis provides information about whether the magnetization is perpendicular or
parallel to the plane described by the substrate. The hysteresis loop of the synthesized MBC
was obtained by plotting the magnetization (emu/g) against the magnetic field (Oe). Fig-
ure 4 reveals the magnetic hysteresis loops used to analyze the magnetic properties of MBC.
As illustrated in the loop observed in Figure 4, the magnetization sharply increased with
the decrease of the mass ration of BC. The curve signified distinctive super-paramagnetic
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properties. The synthesized MBC exhibited magnetization M values of 6.4882 emu/g
which revealed that the magnetization of MBC can be altered by the mass ration of BC:
magnetite (Fe3O4) nanoparticles. The super-paramagnetic properties was triggered by
the alteration of BC with magnetite (Fe3O4) nano-particles, which could ensure the MBC
can be readily recovered from the suspended solution through external magnetic field,
which makes the replicated use of the MBC in the actual wastewater purification system
viable [72]. Thus, novel MBC was easily detached using an external magnetic field, as
illustrated by the inset. The result of magnetization obtained in this study is consistent
with previous studies reported from [76–78].
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3.6. XRD Analysis of Synthesized Biochar

X-ray diffraction analysis of a material describe the size and the nature of the planes of
the synthesized material. The crystalline structures of NBC and MBC were analyzed using
XRD as indicated in Figure 5. XRD is an efficient technique to verify the presence of Fe3O4
in the synthesized MBC [79]. Figure 5 reveals the XRD patterns of both NBC and MBC.
The diffraction spectra of the synthesized BC samples showed the existence of magnetite
(Fe3O4). The diffraction peaks at 2θ of 30.044◦, 36.66◦, 36.57◦, 42.45◦, 57.26◦, 61.54◦, and
62.76◦ are indexed to the (200), (016), (220), (232), and (040) hkL planes, respectively,
which correspond satisfactorily with the database of Fe3O4 standard card Inorganic Crystal
Structure Database (ICSD No. 98-007-7864) with a space group of P12/c1 and lattice
parameter (a = b = c) of 28.644 Å and confirms the signature peaks of a hexagonal unit cell
Fe3O4, respectively. No impurity peak is observed in the XRD pattern, which indicates that
the Fe3O4 particles are highly crystalline hexagonal spinel structure. As observed from
the spectra, all the diffraction peaks are designated to the magnetic hexagonal structure.
There are no other peaks associated with another material detected from the XRD result,
which confirmed that the nano-magnetite is pure magnetite (Fe3O4). The XRD spectra
of Fe3O4 in this study is analogous to other studies from [80,81], and both Fe3O4 and BC
patterns were overlapped in a XRD spectra of MBC, demonstrating successful synthesis of
MBC composite.
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3.7. Analysis of Functional Group

The surface functional groups are the central chemical variable of BC material that
influence the BPA adsorption. FTIR spectroscopy was employed to substantiate the modifi-
cation process and acquire the information on the existence of different functional groups
on the surface of the material [82]. The spectrum results and various bands in the spectra
signifying vibration of functional groups were illustrated in Figure 6 for NBC and MBC,
respectively. During the Fe3+/Fe2+/NaOH process, the surface of the char aids the nu-
cleation of iron oxide precipitation. As indicated in Figure 6, the existence of functional
groups of –COOH and –OH group are responsible for the binding of the iron oxide and
iron hydroxide particles in the solution, and then bonded to the char [83]. This could be
symbolized as char-O-FexOy (Fe3O4/Fe2O3). In this context, the bold ‘O’ was initially a
hydroxyl group on the surface and signify a chemical bond between iron oxide particle
and the char phases. This bonding may conceivably be combined with some mechanical
interlocking between H-bonding (such as between Fe–OH at the metal oxide surface with
C–OH of the char surfaces) and phases in addition to some columbic interfaces. These
interactions could strongly bind magnetic iron oxide to the BC materials [84].
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Also, as indicated in Figure 6 of the FTIR spectra, there are limited peaks that surfaced
for both NBC and MBC. The peaks at 2834, and 2878 cm−1 were distinctive peaks of
the C-H bond [82]. Similarly, the peak at 1081 cm−1 was the C-O stretching vibration
in the composition of carbohydrate, polysaccharide, or aromatic ether. The peaks close
to 1578 and 1579 cm−1 were the stretching vibration peaks of C=C, C-H, and of C=O
on the aromatic ring [85]. The results go along with the BC characteristics that not only
contain porous structure but also abundant active adsorption sites for BPA removal [86].
Besides, a noticeable peak at 652 cm−1 was observed for MBC, which correspond to the
typical stretching peak of Fe-O [87]. This indicated that the Fe3O4 nanoparticles have been
efficaciously loaded on the surface of BC as revealed by the FESEM results. The spectra
results revealed that magnetic alteration improved the varieties and number of functional
groups of the BC, which may influence the adsorption of BPA.

3.8. Determination of Electrokinetic Charge (pHpzc) of Biochar

pHpzc is the pH at which the net surface charge on the surface of an adsorbent is zero.
It is a critical variable in examining the efficacy of the adsorption systems. When the pH is
greater than the pHpzc, the adsorbent surface acquires negative charge, hence repelling or
attracting organic contaminants, in line with their cationic or anionic functional groups [88].
The point of zero charges was investigated to describe the surface chemistry of MBC and
NBC. The values of point of zero charge (pHpzc) of neat and MBC in relation to the solution
pH were computed and displayed in Figure 7. According to Figure 7, the pHpzc at the point
where the change in pH (initial pH-final pH) equal to zero for the MBC and NBC were 5.61
and 4.81, respectively. It is observed that the pHpzc of MBC (5.61) is higher than that of NBC
(4.81). This increase may be due to the introduction of iron oxides (Fe3O4) on the surface of
NBC [89]. Hence, higher pHpzc is more beneficial for the adsorption of BPA anions, which
are often existed in acidic solution [90]. The zeta potential of all samples steadily reduced
with rising pH indicating more net negative surface charge at elevated pH. Similarly, the
zeta potential of both NBC and MBC was both positive and negative within the whole
pH range studied (2–11) as can be seen from Figure 7. Evidently, both MBC and NBC are
positively charged when the pH is lower than 6.0. Once the pH is increase, the surface
charge of the two biochar materials swiftly transformed from positive to negative. As pH
consistently increase, the surface charges of both NBC and MBC risen and, noticeably, the
zeta potential of NBC and MBC were −28.56 mV and −22.47 mV, which shows that both
biochar samples were negatively charged (see Figure 7). Though, the surface of NBC is
slightly more negatively charged, and the electrostatic attraction between the negatively
charged NBC and HBPA improves the adsorption. This finding is in good agreement with
previous studies [16,91].
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3.9. Influence of Working Conditions on the Adsorption of BPA

The operating variables for instance contact time, solution pH, adsorbent dosage, ionic
strength, BPA concentration, and other variables can influence the surface properties of the
adsorbent surface and its BPA binding ability [88,92]. Hence, a batch adsorption test was
carried out on the as-synthesized BC adsorbents to study the influence of these operating
variables on the adsorption capacity and removal efficiency for BPA uptake.

3.10. Effect of pH on BPA Adsorption

The pH is one of the main parameters that control the removal of compounds present
in aqueous environment using solid adsorbents. The solution pH is among the most
essential variables that determine the elimination of various compounds existing in aqueous
environment utilizing solid adsorbent materials and the optimization of adsorption process.
The effect of pH on adsorption was reliant on the target contaminants and nature of
absorbent [42]. It influences not only the speciation of the adsorbate, but also the level of
ionization and adsorbent surface charge [90,93,94]. Accordingly, most of the investigations
involved in contaminants adsorption onto BC strongly considered the effect of solution pH.
To investigate the influence of different solution pH upon adsorption of BPA on the surface
of NBC and MBC, the tests were performed in the pH range of 3.0–12.0, BPA concentration
20 ppm, adsorbent dose 0.5 g, and temperature 20 ◦C, and the results were illustrated in
Figure 8a. As indicated in the figure, the sorption of BPA by NBC and MBC is clearly
pH reliant. The highest adsorption capacity of NBC to BPA take place at pH (3.0), which
is attributable to the development of electron receiver-giver interaction (ERG) between
BPA and NBC, together with a robust hydrogen bond [95,96]. When pH rose from 6.0 to
7.0, the adsorption capacity of NBC to BPA slightly increased further, since BPA starts to
moderately dissociate, and BPA in the solution is no more in molecular form, nevertheless
few HBPA− still occurs. The electrostatic attraction between NBC and HBPA− enhances
the adsorption process due to the positively charged surface of NBC. Further surge in pH
led to a subsequent reduction in the adsorption capacity of NBC to BPA, owing to weakness
in the interaction of the hydrogen bonding and π-π electron receiver–giver(ERG) between
BPA and NBC when the solution pH is higher than the BPA acid dissociation constant [97].
Conversely, the adsorption capacity of BPA by MBC rose initially and after that it declined
with the upsurge of pH greater than 6.0, which implied that the adsorption of BPA on BC
was largely dependent on the solution pH of the system. Thus, the considerable rise in
BPA adsorption on MBC between pH 3.0–6.0 was possibly attributed to the electrostatic
interaction between the positively charged HBPA+ species and negatively charged surface
of MBC in the solution. The surface of MBC may develop positively charged at low pH
because of the protonation reaction (H+

(aq) + −ROH(surf) ↔−ROH2+
(surf)) on the surface

of MBC [98]. When the solution pH is increased, a negatively charged surface of MBC with
plentiful active biding sites emerge owing to deprotonation reaction (OH−(aq) +−ROH(surf)
↔ H2O + –RO−(surf)) on the surface of MBC. Hence, the enhanced BPA adsorption by MBC
at pH 3.0–6.0 was not only controlled by the electrostatic interaction mechanism [99], but
possibly caused by the surface reduction/complexation of BPA species onto MBC, and
the decline of BPA adsorption at pH >6.0 following the repulsion interaction between
negatively charged MBC and dissociated bisphenolate anions (BPA2− and HBPA−) species.
The maximum adsorption capacity take place at pH of 6.0.
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Figure 8. Effect of solution pH (a), and ionic strength (b) on the adsorption of BPA by NBC and MBC.
(BPA concentration: 20 ppm; contact time: 60 min; biochar dose: 0.5 g; and temperature: 293.15 K).

3.11. Effect of Ionic Strength on BPA Adsorption

Generally, the water body comprises such a complex system that salts and organic
contaminants frequently coexist in wastewater which may influence the removal of the
contaminants. Hence, the profile of ionic strength influence on BPA adsorption by the as-
synthesized BC was also investigated using 0–1.0 mol/L NaCl, BPA concentration 20 ppm,
and the experimental findings are presented in Figure 8b. Initially, it could be noticed in
Figure 8b, the increase in NaCl concentration led to a decline in the adsorption capacity of
NBC to BPA and later a rise. Noticeably, the surge in high ionic strength (Na+ concentration)
considerably increased the adsorption capacity of BPA to MBC (Figure 8b). The BPA
adsorption capacity of BC increased when the Na+ concentration rose from 0 to 1.0 mol/L.
Analogously, Zhou et al. [100], found that the upsurge in ionic strength with various ionic
species (CaCl2 or NaCl) yielded increase in the adsorption capacity of BPA when peat was
applied as an adsorbent. Similarly, erstwhile study has also reported that the increased
ionic strength could improve the adsorption of organic contaminants into carbonaceous
adsorbents, such as BC, owing to the screening effect of the surface charge generated by
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the addition of salt [101]. The BPA adsorption capacity by BC adsorbents rose steadily with
the increase in the NaCl concentration. The plausible explanations for this surge could be
due to the penetration of ions into the diffusion dual layer around NBC and MBC surfaces
and lessen the repulsion between the adsorbents, thereby stimulating the squeezing-out
effect (i.e., nanoparticle aggregation), which caused a decline in the adsorption capacity
of BPA [102], enhanced activity coefficient of hydrophobic organic contaminants, which
leads to a salting-out effect (reduction in solubility), and, therefore, was favorable to
the adsorption of BPA [103]. Thus, the decreased adsorption capacity when the NaCl
concentration is at 0.2 mol./L might be caused by the competition between BPA and the
low concentration of salt solution for the accessible active sites of adsorbents, corroborating
that the squeezing-out effect was stronger than the salting-out effect. Conversely, as the
NaCl concentration increases, the adsorption capacity enhanced evidently, suggesting that
the salting-out effect improved unceasingly [104].

3.12. Effects of Biochar Dose on the Removal of BPA

Adsorbent dosage (AD) is an important parameter in an adsorption process. It controls
the adsorbate–adsorbent equilibrium of the adsorption procedure. The removal efficiency
based on the adsorbent dosage was studied at other test conditions, BPA concentration
20 ppm, varying dosages (0.2–0.8 g), pH 6.0, contact time (60 min), and adsorption tem-
perature 20 ◦C. The influence of BC dose on the adsorption of BPA by NBC and MBC
is illustrated in Figure 9. The removal rate of BPA enhanced with the rise in BC dose.
When BC dosage was 0.2 g, the removal efficiencies of BPA by NBC and MBC were 48.45%
and 60.0%, respectively. Similarly, when the BC dose rose to 0.5 g, the removal efficiency
substantially rose to 85.97% and 94.2%, respectively. The increased removal rate is be-
cause of the augmented BC, which also expands the operational specific surface area of
adsorption, together with increase in the active pore (binding) site of adsorption [105]. This
outstanding adsorption performance was attributable to the presence of plentiful active
sites and various interactions between BC adsorbent and BPA, specifically ion exchange
and complexation electrostatic interaction. Afterward, further increase in BC dosage has
no influence on the removal rate. This is because surplus adsorbent overlaps the effective
active sites on BC and competes for limited solutes [42].
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3.13. Effects of Initial Concentration and Contact Time on the Removal of BPA

The influence of initial BPA concentration and contact time on the adsorption of BPA
from aqueous solution was investigated. The experiments were performed in the presence
of a constant dose of adsorbent (0.5 g) of BC at room temperature, at pH (6.0) with various
initial concentrations of BPA in the stock solution varied between 8.0 to 150.0 ppm, at
different time intervals up to 240 min. The result of effect of initial concentration on BPA
removal is presented in Figure 10. The initial concentration offers the stimulating force
required to overcome the mass transfer wall between the adsorbate and the adsorbent
media [106]. Thus, a higher initial concentration may enhance the efficacy of the adsorp-
tion process. Evidently, BPA removal is lower at a small concentration due to smaller
amount of adsorbates in the solution to dominate active sites on the adsorbent and the
amount of BPA adsorbed rises with the upsurge in BPA concentration. Thus, increase in
initial BPA concentration, led to gradual rise in the removal efficiency of BPA, since the
increased BPA concentration can improve the adsorption drive between the solute and the
adsorbent [107,108]. The rise in the concentration of BPA conforms with an increase in BPA
removal as shown in Figure 9. When equilibrium is attained, the adsorbent turns out to be
saturated. This result is in line with previous study reported by Wang and Zhang [16].
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Figure 10. Effects of initial BPA concentrations on the removal efficiency under varying initial con-
centrations (8–150 ppm) at constant pH (6.0), dosage (0.5 g), and varying contact times (20–240 min).

The test conditions evaluating the influence of contact time on the adsorption of
BPA at the test conditions, BPA concentration 20 ppm, adsorbent dosage 0.5, and pH 6.0.
Similarly, the result of the effects of contact time on the adsorption capacity and the removal
efficiency are illustrated in Figure 11. Noticeably, more than 93% of BPA became adsorbed
in about 60 min. For contact time beyond 60 min, the per cent removal of BPA remains
stable, because the active sorption sites have been saturated on the adsorbent surface.
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Figure 11. Effects of contact time (20–240 min) on the per cent removal of BPA, at 0.5 g dosage, BPA
concentration 20 ppm, temperature (293.15 K), and pH (6.0).

3.14. BPA Sorption Isotherm Study

Sorption isotherm models are indispensable for recognizing the mechanisms of the
adsorption process based on fundamental characteristics and numerical derivations. Also,
the isothermal models are used to study the interrelatedness between the adsorbate and
the adsorbent. The Freundlich and Langmuir isotherm models are normally employed and
were fitted to the adsorption experimental data. The Freundlich isotherm is appropriate to
both multilayer and monolayer adsorption and assumes that the adsorbates are adsorbed
onto the heterogeneous surface of an adsorbent [109]. The Langmuir isotherm assumes
monolayer adsorption on a uniform surface with a limited amount of adsorption sites [110].

The Langmuir isotherm model presumes that every molecule has a stable adsorption
enthalpy and activation energy and signifies homogeneous adsorption. Correspondingly,
the Freundlich isotherm model is experimental and regards the surface to be heteroge-
neous [111]. Two regular isotherm models were applied to fit the BPA adsorption isotherms
on the as-synthesised BC (Figures 12 and 13). The models were employed to better inves-
tigate the BPA adsorption mechanism and performance. The fitting data are illustrated
in Figures 12 and 13, and the applicable fitting parameters of these models were summa-
rized in Table 3. The BPA adsorption experimental data were fitted to the Freundlich and
Langmuir isotherm models with Origin 8.0.

The fitting of the experimental data into the isotherm models illustrates the adsorption
process by the correlation coefficient R2 and constants. To accomplish this, log qe is plotted
against log Ce based on the linear form of the Freundlich model (Figure 12) [112]. For the
Langmuir model linear expression, 1/qe versus 1/Ce is plotted (Figure 13) [113,114]. The
computed qmax values of the Langmuir model from the graph of 1/qe against 1/Ce was
lower than the qe values from the experiments (see Table 4), indicating that the experimental
adsorption data fit this model. However, the R2 value of Langmuir is lower than that of the
Freundlich model.

The variables revealed that the Freundlich model (R2 = 0.88964–0.9195) offers a supe-
rior fit to the data than the Langmuir model (R2 = 0.7535–0.85608), as showed by the linear
regression values. Additionally, the heterogeneity coefficient (1/n) of the two BC falls
above 1 (1/n >1), which implied satisfactory physical adsorption process [115]. This trend
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was also corroborated by several studies [116,117] using BC synthesized from eucalyptus
forest residues, sugarcane bagasse, castor meal, water hyacinth, green pericarp of coconut,
and MBC to remove various contaminants. Hence, BC generated from various biomasses
at different temperatures were observed to have various adsorption mechanisms and ad-
sorption abilities [118]. In this work, BPA adsorption onto NBC and MBC was excellently
fit using the Freundlich model in the determination of the efficacy of NBC and MBC for the
removal of BPA, which demonstrates that the adsorption take place as a heterogeneous
surface multilayer. A synopsis of the isotherm variables is presented in Table 4.
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where qt and qe are the amounts of BPA adsorbed at time t and equilibrium, respectively 

(mg/g), t is the contact time (min), and K1 and K2 are the rate constants of the PFO and PSO 

kinetic models, respectively (1/min). In batch process, sorption kinetics is described by 

different models based on adsorption equilibrium including the PSO (pseudo-first order) 

and PSO (pseudo-second order) kinetic models. In this context, it is used to model the 

kinetics of the adsorption of BPA onto BC. 

Figure 14a,b illustrates the graphs of (ln(qe − qt) against time) and (time/qt against 

time) for the pseudo-first order and pseudo-second order kinetic models, respectively. 

The computed variables and the experimental data of the two models are presented in 

Table 5. Noticeably the coefficient of correlation value (R2 = 0.9937) for the PSO model is 

of better linearity and higher in comparison with the PFO (R2 =0.8515) for BPA adsorption, 

Figure 13. Langmuir isotherm on BPA adsorption onto NBC (a) and MBC (b) at 0.5 g dose, pH 6.0,
contact time 240 min, and initial BPA concentration 50 ppm.

369



Polymers 2021, 13, 3781

Table 4. Adsorption Isotherms variables.

Adsorbents Freundlich Model Langmuir Model

1/n KF(L·mg−1) R2* qmax(mg/g) KL(L·mg−1) RL R2**
NBC 1.02974 9.718964 0.88964 5.438033607 3.95207 0.00509 0.7535
MBC 1.05679 11.62947 0.9195 4.72701489 4.01652 0.005 0.85608

Note: 1/n, KF, and R2* were computed from a plot of logqe versus logCe (Equation (5)), while KL, qmax, and R2** were calculated by
plotting 1/qe against 1/Ce (Equation (4)), respectively, using the data from Figures 10 and 11.

3.15. BPA Adsorption Kinetic Studies

Kinetic study offers essential information on the mechanism of adsorption and in-
fluencing mechanism of adsorption process as either chemical reaction or mass transfer
to attain optimal working conditions for industrial scale [119]. With a view to examine
the kinetic mechanism triggering BPA adsorption, experimental data were fitted to the
pseudo-first order (PFO) [120] and pseudo-second order (PSO) [121] linearized models
using Equations (4) and (5), respectively:

ln(qe − qt) = ln(lnqe − K1 t) (4)

1
qt

=
1

K2qe2 ×
1
t
+

1
qe

(5)

where qt and qe are the amounts of BPA adsorbed at time t and equilibrium, respectively
(mg/g), t is the contact time (min), and K1 and K2 are the rate constants of the PFO and PSO
kinetic models, respectively (1/min). In batch process, sorption kinetics is described by
different models based on adsorption equilibrium including the PSO (pseudo-first order)
and PSO (pseudo-second order) kinetic models. In this context, it is used to model the
kinetics of the adsorption of BPA onto BC.

Figure 14a,b illustrates the graphs of (ln(qe − qt) against time) and (time/qt against
time) for the pseudo-first order and pseudo-second order kinetic models, respectively. The
computed variables and the experimental data of the two models are presented in Table 5.
Noticeably the coefficient of correlation value (R2 = 0.9937) for the PSO model is of better
linearity and higher in comparison with the PFO (R2 =0.8515) for BPA adsorption, which
was also noticed for a similar compound (sulfamethoxazole) adsorption by functionalized
BC [122]. Similarly, the computed qe (mg/g) for the PSO model is close to the experimental
qe value (see Table 5). Hence, PSO model satisfactorily fits better the experimental results
than the PFO kinetic model. The PSO kinetic model suggests that the chemisorption can be
regarded as a rate-controlling phase during the adsorption procedure [3,123]. Similarly,
the chemisorption takes place via electron-exchange or sharing between BPA and BC [124].
The elevated rate constants of the PSO model for BPA can be attributed to rapid interaction
with the active adsorption sites of MBC. This finding agrees with previous studies on
the BPA adsorption on the following adsorbents: algal BC [48], magnetic CuZnFe2O4–BC
composite [125], modified organo-montmorillonites [126].

Table 5. Kinetic study result for BPA adsorption.

Kinetic Models Parameters Value Linear Regression

PSO
1
qt

= 1
K2qe2 × 1

t +
1
qe

where K2 is rate constant (g·mg−1·min−1)

K2 (g·mg−1·min−1) 0.005289

y = 1.556 + 0.0583xComp. qe (mg/g) 47.15266
Exp. qe (mg/g) 37.75

R2 0.99376

PFO

ln(qe − qt) = ln(qe) − K1t

K1 (min−1) 3.50 × 10−6

y = 0.00383 + 8.4xComp. qe (mg/g) 12.003837
Exp. qe (mg/g) 37.75

R2 0.8515

NB: PSO is pseudo-second order; PFO is pseudo-first order.
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3.16. Adsorption Thermodynamics

Thermodynamic studies are employed to decipher any reaction in a better approach
and reveals whether the adsorption process is an intended process or a spontaneous
process [127]. It also indicates the influence of temperature on the adsorption process.
Generally, exothermal and endothermal sorption processes are the two common processes.
If the sorption declines with increasing temperature, it implies the exothermal sorption pro-
cess whereas if the sorption increases with rising temperature, it signifies that the sorption
is an endothermal process. In this study, the temperature influence on BPA adsorption onto
MBC was studied by performing adsorption tests at varying temperatures, viz., 298.15,
318.15, and 338.15 K, at optimum pH (6.0) and adsorbent dosage 0.5 g, respectively. The
thermodynamic variables such as enthalpy change (∆H◦), standard Gibb’s free energy
change (∆G◦), and change in entropy (∆S◦), were computed and summarized in Table 6
using the following equations:

∆GO = −RT ln KL (6)

KL =
qe

Ce
(7)

∆S
◦
= ∆H

◦ − ∆G
◦
/T (8)

where R is the gas constant (8.314 J/mol−1K−1), qe is the adsorption capacity (mg/g), Ce is
the equilibrium concentration (mg/L) and T is the actual temperature (K). The y-intercept
and the slope of the linear fit following a plot of ln KL versus 1/T were employed to
calculate the values of ∆H◦ and ∆S◦ via the Van’t Hoff plot (Figure 15).

Table 6. Computed thermodynamic variables for BPA adsorption on MBC at varying temperature.

Adsorbate Temperature (K) lnKL ∆G◦ (kJ·mol−1) ∆H◦ (kJ·mol−1) ∆S◦ (J·mol·K−1)

BPA
298.15 0.526093278 −1.304090065 51.22768066 176.1349999
318.15 1.803593997 −4.770684859
338.15 2.971634746 −8.354391819
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As the sorption temperature rises, the values of ∆G◦ turn out to be more negative,
which implies that BPA is better effectively adsorbed to MBC at elevated temperatures.
The negative ∆G◦ indicate that all adsorption processes were spontaneous [128]. The
positive ∆H◦ (51.23 kJ·mol−1) indicated that the interaction between BPA and MBC was
an endothermic process which possibly attributed to the competitive dissolution of BPA
in aqueous solution [129]. The positive ∆S◦ and negative ∆G0 values suggested the
spontaneity of the adsorption process. The higher positive ∆S◦ (176.13 J·mol−1·K−1) as
indicated in Table 5, further demonstrate increasing randomness at the adsorbate-adsorbent
interface as a result of free water molecules [130]. Thus, the determined positive ∆S◦ and
negative ∆G◦ values at experimented temperatures substantiated the BPA adsorption on
MBC and indicated the spontaneity of the sorption process, besides the entropy effect
should be the primary leading force for the adsorption of BPA on MBC [131].

3.17. Investigation of Biochar Regeneration and Reusability

Recyclability of the adsorbents is strongly essential to preserve process costs down
and for the industrial-scale application. Five phases of adsorption–desorption tests were
undertaken to examine the reusability of the as-synthesized MBC in accordance with
previously adopted experimental procedure [125]. The MBC was repetitively applied five
times, and the qe values were recorded, as illustrated in Figure 16. The result indicated
that qe was slightly reduced during the adsorption–desorption experiment. Upon the
completion of five cycles of reusability test, the removal efficiency of BPA only reduced by
12.85% as compared with the first cycle. The slight reduction in adsorption capacity during
multiple adsorption–desorption tests, was due to the partial desorption of BPA in MBC
surface, competitive available sorption sites, loss of solid in solution, and the elution of
iron oxide nanoparticles and energetic substances on MBC surface [49,132]. This reveals
that the MBC could be an effectual, economical, and environmental benign adsorbent with
superior re-usability, which can be practically applied in BPA removal procedures. The
recyclability test reveals that MBC can be applied repeatedly in wastewater purification as
an efficient adsorbent.

Table 7 presents the comparison of specific surface area characteristics, adsorption
capacity of BPA, and the magnetic intensity of the synthesized MBC material in the current
study in comparison with various studies.
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[BPA] = 20 ppm; and temperature (293.15 K).

Table 7. Comparison of specific surface area, magnetic strength, and adsorption capacity of BPA on different adsorbents
from previous literature with current study.

Adsorbents Surface Area
(m2/g)

Magnetic
Strength (emu/g) Regeneration (%) Adsorption

Capacity (mg/g) Reference

ulva prolifera (marine
macroalgae) 25.43 ND ND 84.19 [48]

pomelo peel 889.8 ND ND 26.25 [133]
magnetic composite

sepiolite NA 14.1 NA 36.30 [134]

bamboo 61.5 37.6 and 32.6 7.6 and 8.2 263.2 [125]
sewage sludge

wheat straw 65.03 ND 196.91 [135]
dried pineapple 84.89 12.83 34.93 101.16 [47]

corn straw 313.88 14.5 ND 46.90 [111]
local reed biomass 154.79 ND ND 9.92 [136]

grapefruit peel 20.732 30.60 20 229.19 [16]
magnetic biochar palm

kernel shell 362.0673 6.4882 12.85 37.64 Current study

NA = Not Available; ND = Not determined.

Though few studies reported higher adsorption capacity than the current study de-
spite their low surface area as indicated in Table 7, this is because previous studies have
described the performance of MBC to be significantly influenced by the nature of auxiliary
and raw materials, starting contaminant concentration, pyrolysis temperature, competitive
anions, nature of modifier, reaction temperature, sorption time, and various synthesis meth-
ods [86,136,137]. As highlighted in Table 7, the maximum adsorption capacity recorded
in the current study is comparable and in line with previous studies using different BC
adsorbents. Hence, it can be inferred that the MBC synthesized from palm kernel shell
is a promising, efficient, and essential precursor (adsorbent) for the removal of BPA from
aqueous environment. The sorption capacity recorded from the current study using mag-
netic PKS-BC could be stems from highly developed pore structure, superfluous surface
area, smaller pore size, considerable surface functional group, high sorptive capacity, and
super paramagnetism. It is noteworthy that studies on the adsorption of BPA onto MBC
synthesized in-house from palm kernel shell biomass is still very limited. Besides, the
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adsorbent demonstrated superior regeneration efficacy, and the resultant MBC could be
reclaimed numerous times.

3.18. Controlling Mechanism for BPA Removal

The schematic diagram of mechanisms of adsorption of BPA (adsorbate) onto as-
synthesized NBC and MBC is depicted in Figure 17. The average pore size of the as-
synthesized BC falls below 50 nm, indicating mesoporous. Also, BPA molecules can
penetrate the pores of the as-synthesized BC via pore filling. As stated earlier, the adsorp-
tion capacity of NBC and MBC to BPA is largely influenced by pH. In acidic environments,
the phenolic hydroxyl groups in the chemical structure of BPA protonate, and thereby
producing electrostatic repulsion with the positively charged surfaces of both NBC and
MBC. Also, since BC adsorbent comprises carbon, silicon, iron, and oxygen groups, these
elements C, Si, Fe, and O groups are vastly electronegative because of the sufficiency of
available lone pair of electrons, which exhibits binding capabilities toward the BPA as
indicated in Figure 2. The carboxyl, hydroxyl, carbonyl, and amine functional groups (as
identified in Figure 5) facilitate the affinity of BPA molecules and their adsorption on the
surface of BC. Such sorption mechanism is an electron giver–receiver type according to
the unbalanced electrons’ supply between BPA compound and the BC functional groups.
The hydroxyl functional group (−OH) on the BC’s surface also develops potent hydrogen
bonds with the C-H and −OH on the molecular composition of BPA. Also, the C=O and
−COOH acidic functional groups of the as-synthesized BC can serves as electron receivers,
producing π-π electron giver–receiver interactions (EGR) with BPA. In alkaline environ-
ments, the surface of MBC becomes negatively charged, which retains the electrostatic
repulsion with the dissociated BPA2− and HBPA−, whereas NBC acts oppositely. Similarly,
the π-π electron giver-receiver interaction (EGR), as well as hydrogen bonds between
BPA and as-synthesized BC, would be severely weakened, thereby making it hard for BC
to adsorb BPA. Since, BPA exhibits robust hydrophobicity and can be intermixed with
the hydrophobic site on NBC and MBC surfaces. Hence, a hydrophobic interaction is
correspondingly a central influential force for the adsorption of BPA onto NBC and MBC.

Polymers 2021, 13, 3781 25 of 31 
 

 

 

Figure 17. Schematic coordination of BPA removal mechanism using biochar. 

4. Conclusions 

In this work, a novel magnetic palm kernel shell biochar was efficiently synthesized 

via magnetic modification and applied to remove BPA from aqueous solution. The results 

of VSM, XRD, FTIR, BET, FESEM/EDX, and Zeta potential revealed that the Fe3O4 nano-

particles was effectually engrafted on the surface of biochar. The experimental findings 

demonstrated the adsorption isotherm could be better fitted by Freundlich model, 

whereas the adsorption kinetic data was controlled by pseudo-second order model. The 

as-synthesized BC also demonstrated a good magnetic strength for facile recovery, supe-

rior recyclability, high selectivity, and eco-friendly. It was noticed that BPA removal is 

greatly influenced by adsorbent dose, pH, and contact time. The BPA adsorption does 

increases with reduction of pH, with a maximum adsorption at pH 6 for MBC. Thermo-

dynamic study revealed that BPA adsorption on MBC is endothermic process and spon-

taneous due to +ΔH and −ΔG, respectively. The principal mechanisms for BPA adsorption 

on the prepared BC comprised of electrostatic interactions (π-π electron acceptor– donor 

interactions), hydrophobic interaction, and H-bonding. Therefore, it can be deduced from 

this study that novel MBC is efficient and practical for the removal of BPA from aqueous 

solution with benefit of being sustainable, and abundantly available. 

Author Contributions: K.K.K. designed the project, performed the study, and wrote the manu-

script; K.F.Y. supervised the study, and helped acquire funding; R.S.A. contributed to nanoparticles 

synthesis and characterization; thanks M.Z.M.N., for the software support; A.Z.A. and H.C.M. were 

principal investigators and helped acquire funding; and A.Z.A. contributed to chemicals. All au-

thors have read and agreed to the published version of the manuscript. 

Funding: This work was funded by Universiti Putra Malaysia under FRGS with grant number 

5540204. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on request from the 

corresponding author. 

Acknowledgments: The Universiti Putra Malaysia is hereby appreciated. The sponsorship received 

from the Tertiary Education Trust Fund (TETFund) through the Kwara State University, Malete, 

Nigeria, is also hereby thankfully acknowledged. 

Figure 17. Schematic coordination of BPA removal mechanism using biochar.

4. Conclusions
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via magnetic modification and applied to remove BPA from aqueous solution. The re-
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sults of VSM, XRD, FTIR, BET, FESEM/EDX, and Zeta potential revealed that the Fe3O4
nanoparticles was effectually engrafted on the surface of biochar. The experimental find-
ings demonstrated the adsorption isotherm could be better fitted by Freundlich model,
whereas the adsorption kinetic data was controlled by pseudo-second order model. The
as-synthesized BC also demonstrated a good magnetic strength for facile recovery, superior
recyclability, high selectivity, and eco-friendly. It was noticed that BPA removal is greatly
influenced by adsorbent dose, pH, and contact time. The BPA adsorption does increases
with reduction of pH, with a maximum adsorption at pH 6 for MBC. Thermodynamic
study revealed that BPA adsorption on MBC is endothermic process and spontaneous due
to +∆H and −∆G, respectively. The principal mechanisms for BPA adsorption on the pre-
pared BC comprised of electrostatic interactions (π-π electron acceptor– donor interactions),
hydrophobic interaction, and H-bonding. Therefore, it can be deduced from this study that
novel MBC is efficient and practical for the removal of BPA from aqueous solution with
benefit of being sustainable, and abundantly available.
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120. Doǧan, M.; Alkan, M.; Demirbaş, Ö.; Özdemir, Y.; Özmetin, C. Adsorption kinetics of maxilon blue GRL onto sepiolite from
aqueous solutions. Chem. Eng. J. 2006, 124, 89–101. [CrossRef]

121. Ho, Y.S. Review of second-order models for adsorption systems. J. Hazard. Mater. 2006, 136, 681–689. [CrossRef]
122. Ahmed, M.B.; Zhou, J.L.; Ngo, H.H.; Guo, W.; Johir, M.A.H.; Sornalingam, K. Single and competitive sorption properties

and mechanism of functionalized biochar for removing sulfonamide antibiotics from water. Chem. Eng. J. 2017, 311, 348–358.
[CrossRef]

123. Park, Y.; Sun, Z.; Ayoko, G.A.; Frost, R.L. Bisphenol A sorption by organo-montmorillonite: Implications for the removal of
organic contaminants from water. Chemosphere 2014, 107, 249–256. [CrossRef] [PubMed]

124. Zhou, N.; Chen, H.; Xi, J.; Yao, D.; Zhou, Z.; Tian, Y.; Lu, X. Biochars with excellent Pb(II) adsorption property produced from
fresh and dehydrated banana peels via hydrothermal carbonization. Bioresour. Technol. 2017, 232, 204–210. [CrossRef]

125. Yang, Q.; Gao, M.; Luo, Z.; Yang, S. Enhanced removal of bisphenol A from aqueous solution by organo-montmorillonites
modified with novel Gemini pyridinium surfactants containing long alkyl chain. Chem. Eng. J. 2016, 285, 27–38. [CrossRef]

126. Saeed, A.A.H.; Harun, N.Y.; Sufian, S.; Bilad, M.R.; Zakaria, Z.Y.; Jagaba, A.H.; Ghaleb, A.A.S.; Mohammed, H.G. Pristine and
Magnetic Kenaf Fiber Biochar for Cd2+ Adsorption from Aqueous Solution. Int. J. Environ. Res. Public Health 2021, 18, 7949.
[CrossRef] [PubMed]

127. Srivastava, V.; Sharma, Y.C.; Sillanpää, M. Response surface methodological approach for the optimization of adsorption process
in the removal of Cr(VI) ions by Cu2(OH)2CO3 nanoparticles. Appl. Surf. Sci. 2015, 326, 257–270. [CrossRef]

128. Chen, H.; Chen, Z.; Zhao, G.; Zhang, Z.; Xu, C.; Liu, Y.; Chen, J.; Zhuang, L.; Haya, T.; Wang, X. Enhanced adsorption of U(VI)
and 241Am(III) from wastewater using Ca/Al layered double hydroxide@carbon nanotube composites. J. Hazard. Mater. 2018,
347, 67–77. [CrossRef] [PubMed]

129. Cazetta, A.L.; Pezoti, O.; Bedin, K.C.; Silva, T.L.; Paesano Junior, A.; Asefa, T.; Almeida, V.C. Magnetic Activated Carbon Derived
from Biomass Waste by Concurrent Synthesis: Efficient Adsorbent for Toxic Dyes. ACS Sustain. Chem. Eng. 2016, 4, 1058–1068.
[CrossRef]

130. Lingamdinne, L.P.; Choi, Y.L.; Kim, I.S.; Yang, J.K.; Koduru, J.R.; Chang, Y.Y. Preparation and characterization of porous reduced
graphene oxide based inverse spinel nickel ferrite nanocomposite for adsorption removal of radionuclides. J. Hazard. Mater. 2017,
326, 145–156. [CrossRef]

131. Li, M.; Liu, H.; Chen, T.; Dong, C.; Sun, Y. Synthesis of magnetic biochar composites for enhanced uranium(VI) adsorption. Sci.
Total Environ. 2019, 651, 1020–1028. [CrossRef]

132. Nguyen, V.H.; Van, H.T.; Nguyen, V.Q.; Dam, X.V.; Hoang, L.P.; Ha, L.T.; Ha, L.T. Magnetic Fe3O4 Nanoparticle Biochar Derived
from Pomelo Peel for Reactive Red 21 Adsorption from Aqueous Solution. J. Chem. 2020, 2020. [CrossRef]

133. Yang, X.J.; Zhan, J.Y.; Yu, J.; Liu, G.; Huang, R.X. Adsorption features and kinetics of bisphenol A onto magnetic composite
organic sepiolite. Chin. J. Environ. Eng. 2016, 10, 3597–3602.

134. Zhao, Y.; Zhang, R.; Liu, H.; Li, M.; Chen, T.; Chen, D.; Zou, X.; Frost, R.L. Green preparation of magnetic biochar for the effective
accumulation of Pb(II): Performance and mechanism. Chem. Eng. J. 2019, 375, 122011. [CrossRef]

135. Song, X.; Zhang, Y.; Cao, N.; Sun, D.; Zhang, Z.; Wang, Y.; Wen, Y.; Yang, Y.; Lyu, T. Sustainable chromium (VI) removal from
contaminated groundwater using nano-magnetite-modified biochar via rapid microwave synthesis. Molecules 2021, 26, 103.
[CrossRef]

136. Yi, Y.; Huang, Z.; Lu, B.; Xian, J.; Tsang, E.P.; Cheng, W.; Fang, J.; Fang, Z. Magnetic biochar for environmental remediation: A
review. Bioresour. Technol. 2020, 298, 122468. [CrossRef]

137. Wang, J.; Liao, Z.; Ifthikar, J.; Shi, L.; Chen, Z.; Chen, Z. One-step preparation and application of magnetic sludge-derived biochar
on acid orange 7 removal via both adsorption and persulfate based oxidation. RSC Adv. 2017, 7, 18696–18706. [CrossRef]

380



polymers

Article

Cytocompatibility of Polymethyl Methacrylate Honeycomb-like
Pattern on Perfluorinated Polymer
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Citation: Hurtuková, K.; Juřicová, V.;
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Abstract: In this study, we present a simple approach for developing a biocompatible polymer
scaffold with a honeycomb-like micropattern. We aimed to combine a plasma treatment of fluorinated
ethylene propylene (FEP) substrate with an improved phase separation technique. The plasma
exposure served for modification of the polymer surface properties, such as roughness, surface
chemistry, and wettability. The treated FEP substrate was applied for the growth of a honeycomb-like
pattern from a solution of polymethyl methacrylate (PMMA). The properties of the pattern were
strongly dependent on the conditions of plasma exposure of the FEP substrate. The physico-chemical
properties of the prepared pattern, such as changes in wettability, aging, morphology, and surface
chemistry, were determined. Further, we have examined the cellular response of human osteoblasts
(U-2 OS) on the modified substrates. The micropattern prepared with a selected combination of
surface activation and amount of PMMA for honeycomb construction showed a positive effect on
U-2 OS cell adhesion and proliferation. Samples with higher PMMA content (3 and 4 g) formed more
periodic hexagonal structures on the surface compared to its lower amount (1 and 2 g), which led to
a significant increase in the pattern cytocompatibility compared to pristine or plasma-treated FEP.

Keywords: polymer; plasma modification; PMMA; material morphology; honeycomb-like pattern;
cell growth; cytocompatibility; FEP; cell adhesion

1. Introduction

Honeycombs are one of the most studied naturally occurring shapes/structures, which
is evidenced by many new reported studies [1]. The impressive hexagonal shape of a hon-
eycomb structure has fascinated many scientists for several decades, especially the research
groups of Francois [2,3], Pirk, Zhang [1,4–7], or Bui et al. [8–10]. There were a lot of theories
that competed for periodic structures. Two of them have got considerable attention in this
field. The first theory states that a bee’s six legs ideally fit onto a hexagon. On the contrary,
the second theory supports a mathematical explanation that their geometry enables the cov-
erage of the largest possible area using a minimum of building material [11,12]. However,
the latest new theory confirms that hexagonal structures are formed due to highly elastic
wax, elevated temperature, and surface tension, transforming circular shapes into hexago-
nal [12–14]. Based on this study, honeycomb-like patterns (HCP) have been identified as
unique surfaces due to thousands of interconnected and oriented pores with high mechani-
cal strength [15,16]. Based on the pore size and porosity, three-dimensional (3D) scaffolds
resembling the in vivo shape and conditions can be created. This has great potential in
biomedical applications, especially in tissue engineering. Porous scaffolds are essential
for tissue nutrition, cell proliferation, and the formation of new viable tissues [15,17,18].
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Moreover, the porous scaffolds have also protective and storage functions, the latter of
which serves for depositing of adhesion molecules and growth factors. Another possible
way of utilization is the formation of specific systems for drug delivery [19]. Otherwise,
the HCP structures have found a great use in macro-, micro-, and nano-applications in
electronics [20], electro-optics [21,22], bioanalytics [23], or in nanofabrication [24].

In several studies, the processes of HCP preparation by various methods including
lithography or soft lithography [25–27], template techniques [27], emulsions, and plasma
etching [28] have been described. However, one of the fundamental techniques invented
by Francois et al. has become the so-called breath figure (BF) method. This method has
proven to be cost-effective, uncomplicated, flexible, fast, and does not require specific
skills to create a micro-/nano-pattern of honeycombs [2,3]. The principle consists of
applying a polymer solution in a non-polar solvent to a substrate located in an environment
with a relative humidity higher than 50%. A humid atmosphere can be ensured in two
ways: static or dynamic. The static method requires atmosphere saturation with water
vapor in a closed vessel, while in the dynamic method, the environment is created by
the flow of moist air onto the substrate surface [29–31]. At the beginning of the process,
the solvent is endothermically evaporated from the prepared solution. As the surface
temperature decreases, water vapor begins to condense in the form of heterogeneous
droplets on the surface of the substrate. After equilibration between the substrate and the
environment, the condensed droplets begin to evaporate, thus, spontaneously leaving the
hexagonal HCP structures on the substrate surface. The change of key units such as soluble
substance, solvent, and humid air creates a wide range of highly ordered porous films with
different pore sizes [28,32]. While the BF method requires a humid atmosphere for HCP
formation, the newer method of improved phase separation (IPS) invented by Bui et al. [8]
requires typical air conditions. The IPS technique uses two steps to prepare thin films on
the surface of economically undemanding polymeric materials [8,33,34]. The method is
based on a tertiary system: solvent (chloroform)–polymer–”no” solvent (methanol), in
the correct volume ratio. To achieve the preparation of HCP structures is necessary to
immerse the substrate in the prepared solution and then, spontaneously evaporate it in the
air [16,35–37]. The advantage of this method, except for the humid environment and other
active substances, is the exact ratio of solvents [8].

The development of new methods for creating scaffolds that are structurally and
functionally similar to the extracellular matrix is one of the main challenges of tissue
engineering. One possibility is to use polymeric materials, mainly due to their simplicity,
flexibility, and low cost compared to other materials, and to prove their usefulness as
extracellular matrix (ECM) replacements [38]. These properties and many others such as
low density, environmental friendliness, and good physical and mechanical properties
have been found in polymethyl methacrylate (PMMA) and its derivatives [35], which
have been approved as bioinert and biocompatible polymers used in biomedical appli-
cations [36,37,39]. Nanocomposites based on PMMA exhibit excellent results in a body
environment and have a protective role against corrosion and, thus, increase the durability
of biomedical implants [40]. PMMA is commonly used in dentistry in dental prosthe-
ses [38,41] as well as bone cement [42–44]. Moreover, PMMA has been also used in the
field of drug delivery or for the production of contact and implanted lenses, blood pumps
and reservoirs, intravenous sets, and blood dialysis membranes [40,45].

In this study, we have focused on the preparation of HCP structures with the addition
of PMMA in different amounts/ratios. Surface morphology, chemical composition, wetta-
bility, and cytocompatibility of the formed material were investigated for the particular
HCP-coated foils. Samples with higher PMMA content formed more periodic hexago-
nal structures on the FEP surface, as well as cytocompatibility testing of cell culture was
more efficient.

382



Polymers 2021, 13, 3663

2. Materials and Methods
2.1. Materials and Chemicals

In this study, we used a PMMA polymer foil with a thickness of 50 µm and a density
of 1.19 g·cm−3, which was purchased from Goodfellow Ltd. (Cambridge, Huntingdon,
UK). As solvents, we used methanol (MeOH, HPLC purity, Mr = 32.04 g·mol−1, the density
of 0.791 g·cm−3; purchased from Penta, Prague, The Czech Republic), and chloroform
(CHCl3, stabilized with ~1% ethanol A.G., Mr = 119.38 g·mol−1, the density of 1.48 g·cm−3;
purchased from Penta, Prague, The Czech Republic). As a substrate, we used fluorinated
ethylene propylene polymer (FEP, the thickness of 50 µm, the density of 2.15 g·cm−3;
purchased from Goodfellow Ltd., Cambridge, Huntingdon, UK).

2.2. Pattern Preparation and Modification

The polymer film was treated by Ar+ plasma using the SCD 050 sputtering device
from BAL-TEC (Baltec AG, Balzers, Liechtenstein). The purity of gas in the chamber was
99.997%, and the pressure was 8 Pa. The samples were placed onto a circular holder (an
anode) with a diameter of 10 cm and a distance of 5 cm from the cathode. They were
modified at 8 W for 240 s.

In the next step, HCP-like structures were formed using the IPS method via immer-
sion of plasma-modified polymeric substrates in the prepared 100 mL solution for 10 s.
The solution was a mixture of two solvents, namely chloroform and methanol, at a volume
ratio of 85:15. Then, the amount of 1, 2, 3, and 4 g of PMMA foils was added to the mixture
while stirring for 2–3 h at room temperature (22 ◦C), which gave a homogeneous solution.
Then, the HCP-like structures were removed and left to air dry in Petri dishes. After com-
plete evaporation of the solvents, the samples were prepared for further modification and
subjected to examination by various analytical methods (see Section 2.3).

2.3. Analytical Methods

The wettability of all samples was studied via goniometric measurements of the contact
angles, with a drop of distilled water applied to the surface of each sample (6 positions). The
contact angles of the samples were determined using a See System goniometer (Advex In-
struments, Brno, Czech Republic) at room temperature. A drop of water (8 µL) was applied
onto each sample with a Transferpette® automatic pipette (Brand, Wertheim, Germany).

Atomic force microscopy (AFM) was used to study the surface morphology of the FEP
substrate with HCP microstructures. The movement of the tip as it passed over the sample
was recorded, and a point-by-point image of the surface was compiled. Sample surface
morphology was examined by atomic force microscope (AFM) Dimension ICON (Bruker
Corp., Billerica, MA, USA); the ScanAsyst mode in the air was used for determination.
A silicon tip on a nitride lever SCANASYST-AIR with the spring constant of 0.4 N·m−1 was
used. NanoScope Analysis software was applied for data processing. The mean roughness
values (Ra) represent the average of the deviations from the center plane of the sample.

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
were used for detailed analysis of the morphology and chemical characterization of the
FEP substrate with HCP microstructures. We used a scanning electron microscope LYRA3
GMU (Tescan, Brno, The Czech Republic) with the accelerating voltage of 10 kV for the
electrons that bombarded the samples and an F-MaxN analyzer and SDD (Silicon Drift
Detector) (Oxford Instruments, Abingdon, UK) with an applied accelerating voltage of
10 kV for EDS. Platinum (target, purity 99.999%, Safina, Vestec, The Czech Republic) was
sputtered onto the samples before analysis using a Quorum Q300T sputtering device
(Quorum Technologies, Laughton, East Sussex, England) at a current of 30 mA for 400 s.

2.4. Cell Culture

VAMPIRO U-2 OS cells supplied by Innoprot (Derio, Spain) were used to evaluate
the material cytocompatibility. The VAMPIRO U-2 OS are cells derived from human
osteosarcoma developed through stable transfection of U-2 OS cell line with tFP602 under
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puromycin resistance gene. The VAMPIRO U-2 OS cells exhibit red fluorescence since
they express the red fluorescent protein gene sequence as free cytoplasmatic protein. The
cells were cultured in high-glucose Dulbecco’s modified Eagle medium (DMEM; Sigma-
Aldrich, St. Louis, MO, USA) containing a stable L-glutamine dipeptide. The medium
was supplemented with 10% fetal bovine serum (FBS; certified, Thermo Fisher Scientific,
Waltham, MA, USA). The cells were cultivated in a sterile cell culture incubator at 37 ◦C,
atmosphere with 5% CO2 and 95% humidity. The cells were regularly passaged when
they were at the exponential phase of growth. First, the cells were washed with 5 mL of
sterile phosphate-buffered saline (PBS, pH 7.4). After its removal, the cells were detached
from the underlying cell culture dish (VWR International, Radnor, PA, USA) with 1 mL of
trypsin-EDTA (ethylenediaminetetraacetic acid).

2.5. Cell Seeding and Staining

To evaluate the material cytocompatibility, the VAMPIRO U-2 OS cells were used
from passages 4–8 (counted from defrosting after the cell delivery). The prepared material
samples were subjected to sterilization by immersion into 70% (volume percent) ethanol
in water for 30 min. Then, the samples were inserted into cell culture plates with 12 wells
(the diameter of 2.14 cm; VWR, Radnor, PA, USA), washed twice with sterile PBS, and
weighted down by hollow PMMA cylinders (Zenit, Prague, The Czech Republic). Then,
1 mL of DMEM containing 15,000 cells per one squared centimeter was added to each
well onto the evaluated samples in four biological replicates. The endpoints of cultivation
were 24 and 96 h, after which the medium was removed, the cells were washed with
prewarmed PBS, and fixed with a 4% methanol-free formaldehyde solution in PBS as
described in [46]. The fixation occurred for 20 min. at 22 ◦C in the dark, then, the fixative
was removed, and the cells were washed twice with cold PBS. This was followed by
staining of the cell structures. Cell nuclei were stained with 0.5 µg·mL−1 of 4′,6-diamidino-
2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO, USA) and cell cytoskeleton was
stained with 2 µg·mL−1 of phalloidin conjugated to Atto 488 (Sigma-Aldrich, St. Louis,
MO, USA) in PBS for 15 min. in the dark at 22 ◦C. Then, the staining solution was removed,
and the cells were washed with cold PBS. The standard deviation was calculated from four
biological replicates each including twenty regions of interest, on which the number of
grown cells was counted.

2.6. Fluorescence Microscopy

The fixed and stained VAMPIRO U-2 OS cell samples were subjected to wide-field
fluorescence microscopy using an inverse fluorescence microscope Olympus IX-81 (Olym-
pus, Tokyo, Japan) operated with xCellence software. The fluorescently labeled cells were
examined at 100× (10× objective, NA of 0.30), 200× (20× objective, NA of 0.45), and 400×
(40× objective, NA of 0.60) magnification. Cell cytoplasm, cytoskeleton, and nuclei were
imaged by a triple quad filter DAPI/FITC/TRITC (Olympus, Tokyo, Japan). The images
were captured by an EM-CCD camera (Hamamatsu, Honshu, Japan). Then, the fluores-
cence images were background-corrected, deconvolved (50%), and all three fluorescence
channels (DAPI, FITC, TRITC) were merged.

3. Results
3.1. Surface Morphology Analysis Using SEM and AFM Method

In this study, we have aimed to prepare HCP structures with incorporated PMMA
(different content of 1, 2, 3, and 4 g) on plasma-modified FEP matrices. Plasma treatment
affects polymer structure resulting in free radical formation. This phenomenon can increase
the movement of molecular particles (the ability of a polymer to diffuse) and stimulate
the etching rate of the surface layer. The duration of Ar+ particle deposition (plasma)
significantly affects the polymer topography. Short exposure of a polymer to the plasma
treatment creates nanometric structures while changing the polymer surface into a porous
form for a longer time [47]. Based on previous research [16,25], the plasma treatment
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parameters for creating the suitable surface of HCP structures were selected: duration 240 s
at the power of 8 W. The changes on the prepared HCP structures’ surface morphology
were analyzed by two different methods, AFM and SEM. Figure 1 represents the scans of
the prepared samples acquired by the SEM analysis. The analyzed area is divided into two
regions for samples with an amount of PMMA higher than 1 g. The first area shows the
major heterogeneous site (herein called “major”), which confirms the occurrence of inho-
mogeneous hexagonal pores. While the second area (herein called “minor”) detected 2 mm
from the sample edges of the formed regular hexagonal microstructures. The phenomenon
of the split surface is probably caused by different evaporation rates of the solvent mixture
on the sample surface, and even though that the difference in patterns was not significant,
it was still present on all examined samples, therefore, we wanted to point this out also in
the description of Figure 1.
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Figure 1. Scanning electron microscopy images of honeycomb-like pattern major and minor areas
formed on plasma-modified fluorinated ethylene propylene containing different amounts (1–4 g) of
incorporated polymethyl methacrylate. The scanned areas were 100 × 100 µm2.

From the SEM images, it can be concluded that a sample containing 1 g of PMMA
was the least favorable substrate for forming hexagonal structures. The remaining concen-
trations of PMMA confirmed the formation of HCP structures. As the amount of PMMA
increased, the pore size also increased as well as the pattern homogeneity, and other smaller
cavities were layered below each other to different levels. A slight difference in pore sizes
was observed when comparing the major and minor areas of HCP on the sample surface.
The minor area of the HCP was detected up to 2 mm from the outer diameter. Even the
difference in pattern properties in the outer and inner areas was not significant for samples

385



Polymers 2021, 13, 3663

prepared with 3 and 4 g of PMMA, we wanted to introduce this fact in this article for all
studied patterns. If we focus specifically on images containing 4 g of PMMA, we conclude
that the major area provided pores of up to 4 µm in diameter and the minor area contained
also larger pores of up to 10 µm in diameter. In the minor areas, when compared to the
major areas, there was a more precise distribution of cavities of almost the same size. These
trends were maintained also for samples with a polymer layer containing 2–4 g of PMMA.
However, no considerable variation in pore formation was observed for samples formed
from a solution containing 3 and 4 g of PMMA.

Minor areas of the samples with a polymer layer of 1–4 g PMMA were also studied
by the AFM analysis as shown in Figure 2. From the results obtained with AFM and
SEM, it can be concluded that the pore sizes on the substrates with the same concentration
of PMMA remained similar for both studied methods. Therefore, both dimensions and
shape of the pattern could be considered as verified. Furthermore, it should be added
that the analyzed surface roughness and the height of the pores formed did not change
dramatically with the increasing amount of PMMA. The only significant difference among
the samples was on the substrate containing the highest content of PMMA (4 g). On the
AFM images, we can observe the formation of pores with a slightly smaller diameter in the
major area, compared to the edges of the sample (minor area), however, the differences
were not significant for samples prepared with 3 and 4 g of PMMA. Even though that the
AFM analysis of the sample’s surface was repeated several times. We would like to point
out that the SEM scans were acquired on larger sample areas than AFM scans, therefore,
the measurement can be considered as more “accurate”.
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3.2. Surface Chemical Analysis

Qualitative and quantitative data on the elemental composition of the prepared sub-
strates were determined by the EDS method and are summarized in Table 1 and Figure 3.
The samples were analyzed before any modification (pristine FEP), after plasma deposi-
tion at 8 W for 240 s (plasma FEP), and after preparation of HCP structures from PMMA
solution of various content 1–4 g (HCP + 1 g PMMA). The chemical distribution of major
and minor areas of the prepared samples was studied by the EDS technique and described
in Section 3.1.

386



Polymers 2021, 13, 3663

Table 1. The atomic concentrations of fluorine, oxygen, and carbon in at. % were determined using
the energy-dispersive X-ray spectroscopy for unmodified pristine fluorinated ethylene propylene
(FEP), plasma-treated FEP, and with a honeycomb-like pattern (HCP) major and minor structure with
incorporated polymethyl methacrylate (PMMA) of various content (1–4 g).

Sample C [%] O [%] F [%]

Pristine FEP 45.5 0.0 54.5
Plasma-treated FEP 41.9 1.8 56.3

HCP + 1 g PMMA (major) 58.3 2.8 38.9
HCP + 2 g PMMA (major) 74.0 3.6 22.4
HCP + 3 g PMMA (major) 74.3 4.1 21.6
HCP + 4 g PMMA (major) 86.4 7.2 6.4
HCP + 2 g PMMA (minor) 93.6 6.3 0.1
HCP + 3 g PMMA (minor) 91.0 6.6 2.4
HCP + 4 g PMMA (minor) 92.9 7.0 0.1

From Table 1, it is evident that no oxygen element was detected on the pristine FEP
compared to other modified samples. The explanation is the characteristic of the FEP
polymer chain containing only C and F elements [48]. One of the reasons for the increased
oxygen concentration is plasma treatment, which causes that the ionized Ar ions to hit
the polymer surface. This process induces new functional groups that bind oxygen from
the surrounding atmosphere after the sample is removed from the chamber or during the
process if a slight amount of oxygen is present in the atmosphere in the chamber [49,50].
Another reason is the presence of PMMA honeycombs, which contain a large amount
of oxygen in their structure [51]. The subsequent phase separation increases the carbon
content and, conversely, decreases the fluorine concentration, confirming a polymeric
PMMA layer formation. The presence of PMMA may limit the content of the F element, as
shown in Table 1. The highest tested amount of PMMA (4 g) formed surface with minimum
fluorine content, which was only 6.4%. It is interesting to note that if we observed a minor
area of the sample (minor), the F element almost disappeared, i.e., the substrate was fully
covered with a PMMA polymer layer. For a better interpretation of the surface’s chemical
composition, the scans from EDS of the sample with 2 g PMMA are attached in Figure 3.

3.3. Surface Wettability

Wettability, i.e., the contact angle values, is a crucial property for material charac-
terization. It plays an essential role in applications of technological (cleaning, gluing,
dyeing) [52,53] or medical processes (cell or bacterial adhesion) [54]. The value of a contact
angle has a significant impact on the material surface and characterizes the hydrophilic-
ity/hydrophobicity of a polymer [55].

The graph shown in Figure 4 provides data on the surface wettability of all evaluated
samples during an aging period of 34 days. The aging study was performed on the
unmodified FEP substrate (pristine FEP), plasma-modified FEP substrate at 8 W for 240 s
(plasma FEP), and the substrate after plasma modification applied with a layer of PMMA at
various amounts (1–4 g). The value of the contact angle of the unmodified FEP sample was
98.9◦. As it is obvious from Figure 4, the samples with HCP had contact angles in the region
of slight hydrophobicity ranging from 90–110◦ with fluctuation during the aging period.
However, the slightly hydrophobic character remained unchanged and stable during the
aging period. The most apparent change in contact angle values was detected for the
plasma-modified FEP substrate. On the first day, the plasma FEP had a contact angle of
50.2◦, and on the third day, it increased rapidly to 96.8◦. Contact angle did not change
significantly throughout the measurement and was around the values of the pristine FEP.
This could be caused by the redirection of polar groups from the material’s surface to its
volume due to the preservation of samples in the ambient atmosphere. On the other hand,
an atmosphere with relatively low humidity and temperature can slow down the material
aging process. All FEP samples covered with PMMA maintained a hydrophobic surface
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with contact angles within 10◦ of the value of unmodified FEP (98.9◦). The influencing
of contact angle by various patterns including honeycomb structure was reported in [56],
where also superhydrophibic effect was observed.
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lene (FEP), plasma-treated FEP (plasma FEP), and honeycomb-like pattern (HCP) structure with
incorporated polymethyl methacrylate (PMMA) of various content (1–4 g).

3.4. Cytocompatibility

Human cells derived from osteosarcoma stably transfected with a red fluorescent
protein tFP602 (VAMPIRO U-2 OS cells) were chosen as a model cell line for cytocompati-
bility measurement of the prepared materials. Samples of pristine FEP, plasma-modified
FEP, and FEP with a PMMA layer were subjected to this study. Tissue culture polystyrene
(TCPS) was chosen as a control since this material is routinely used for tissue culture. From
the plot in Figure 5, it is evident that after 24 h post-seeding, there was no statistically
significant difference in the number of cells adhered on modified or unmodified samples
compared to the control sample of TCPS. It can be caused by the cell adaptation process
to the samples after their seeding [57]. After additional cultivation, 96 h post-seeding,
cell proliferation was obvious on each evaluated sample. The lowest number of cells was
detected on the unmodified FEP sample, which is consistent with our previous results,
e.g., [58–60]. The cell number was increased on plasma-treated FEP 96 h after seeding when
compared to pristine FEP. This was caused by the plasma exposure, which creates new
oxygen-containing groups (carbonyl and carboxyl mainly) in combination with significant
wettability change, enabling the design of excellent scaffolds with increased biocompati-
bility [60]. However, the best cytocompatibility was observed on FEP samples with HCP
structures and PMMA layers, since a markedly pronounced increase in the cell number
was detected. The number of cells of these samples was equal to that of the control TCPS
sample. The improved VAMPIRO U-2 OS cell proliferation on the modified samples might
be caused by the porous character of the HCP-modified sample surface or the presence
of PMMA. The presence of 3D HCP structure mimics the extracellular matrix necessary
as scaffolds for proper cell growth and proliferation [61], the effect also observed for laser
induced periodic surface structures [24,62]. On the other hand, the PMMA material exhibits
biocompatible properties, such as surface chemistry in combination with morphology prop-
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erties [36,37,39,40] that could increase cell proliferation on the substrate surface compared
to pristine and plasma-modified FEP.
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Figure 5. The number of adhered (24 h) and proliferated (96 h) VAMPIRO U-2 OS cells on a pristine
and plasma-treated (plasma) fluorinated ethylene propylene (FEP) film and plasma-treated FEP films
subsequently coated with honeycomb-like patterns formed from different polymethyl methacrylate
(PMMA) solutions (1–4 g) and tissue culture polystyrene (TCPS, control).

Another evaluation of the cellular response, morphology, was studied on samples with
cultured U-2 OS cells for 1 and 4 days, shown in Figure 6. Images of the cell samples were
captured by fluorescence microscopy. After the first day, round cells were detected with
irregular spreading on pristine FEP samples and with a layer of 3 g and 4 g of PMMA, which
did not correspond to the shape of osteoblasts. In comparison, the control sample showed
a cell morphology similar to the shape of osteoblasts. Samples with plasma modification
and 1 g and 2 g PMMA had a cell shape similar to the control, but their distribution was
not regular. After day 4, all prepared samples were completely covered with cells, except
for the pristine FEP sample. This phenomenon could be due to the smooth surface of
the unmodified FEP. The shape of the cells after day 4 can no longer be recognized in all
sample types.
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4. Conclusions

In this study, we prepared an HCP from PMMA on plasma-treated perfluorinated
polymer FEP. The plasma treatment was confirmed to play a crucial role in the pattern
formation since the surface wettability and chemistry were significantly altered and, thus,
the process of IPS was successfully applied. The pattern aging revealed the stabilization of
contact angle values in a range of 90–110◦ for all types of studied PMMA micropatterns.
The surface morphology of the HCP was confirmed by both AFM and SEM, by which
we revealed the formation of two areas of PMMA micropatterns on the FEP surface. The
micropatterns slightly varied in their surface properties, which was verified by SEM
surface mapping. Pristine unmodified FEP did not support the adhesion and proliferation
of human osteoblasts (VAMPIRO U-2 OS cells) due to low surface wettability, roughness,
and the absence of oxygen. Further, we have confirmed that the plasma exposure of FEP
itself slightly improved the cytocompatibility of this substrate. The subsequent process of
HCP formation from PMMA led to improvement of adhesion and growth of VAMPIRO U-2
OS cells, and the cells were able to grow in clusters according to the shape of the pattern
even after 96 h of cultivation. This study also opens the wide possibility to prepare surfaces
with the possibility of drug release due to an extreme increase in effective surface area for
particular HCP structures.
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HPLC High-performance liquid chromatography
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P. Antibacterial properties of a honeycomb-like pattern with cellulose acetate and silver nanoparticles. Materials 2021, 14, 4051.
[CrossRef]

17. Loh, Q.L.; Choong, B.; Choong, C. Three-dimensional scaffolds for tissue engineering applications: Role of porosity and pore size.
Tissue Eng. B Rev. 2013, 19, 485–502. [CrossRef]

18. Tu, C.; Cai, Q.; Yang, J.; Wan, Y.; Bei, J.; Wang, S. The fabrication and characterization of poly(lactic acid) scaffolds for tissue
engineering by improved solid–liquid phase separation. Polym. Adv. Technol. 2003, 14, 565–573. [CrossRef]

19. Calejo, M.T.; Ilmarinen, T.; Skottman, H.; Kellomäki, M. Breath figures in tissue engineering and drug delivery: State-of-the-art
and future perspectives. Acta Biomater. 2017, 66, 44–66. [CrossRef]

20. Huang, K.; Pan, Q.; Yang, F.; Ni, S.; Wei, X.; He, D. Controllable synthesis of hexagonal WO3 nanostructures and their application
in lithium batteries. J. Phys. D Appl. Phys. 2008, 41, 155417. [CrossRef]

21. Ungár, T.; Gubicza, J.; Ribárik, G.; Borbély, A. Crystallite size distribution and dislocation structure determined by diffraction
profile analysis: Principles and practical application to cubic and hexagonal crystals. J. Appl. Crystallogr. 2004, 34, 298–310.
[CrossRef]

22. Niezgoda, S.R.; Kanjarla, A.K.; Beyerlein, I.J.; Tomé, C.N. Stochastic modeling of twin nucleation in polycrystals: An application
in hexagonal close-packed metals. Int. J. Plast. 2014, 56, 119–138. [CrossRef]

23. Farjadian, F.; Azadi, S.; Mohammadi-Samani, S.; Ashrafi, H.; Azadi, A. A novel approach to the application of hexagonal
mesoporous silica in solid-phase extraction of drugs. Heliyon 2018, 4, e00930. [CrossRef] [PubMed]

24. Slepicka, P.; Siegel, J.; Lyutakov, O.; Slepickova Kasalkova, N.; Kolska, Z.; Bacakova, L.; Svorcik, V. Polymer nanostructures for
bioapplications induced by laser treatment. Biotechnol. Adv. 2018, 36, 839–855. [CrossRef] [PubMed]
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Abstract: Several significant advancements in the field of bone regenerative medicine have been made
in recent years. However, therapeutic options, such as bone grafts, have several drawbacks. There is
a need to develop an adequate bone substitute. As a result, significant bone defects/injuries pose a
severe challenge for orthopaedic and reconstructive bone tissue. We synthesized polymeric composite
material from arabinoxylan (ARX), β-glucan (BG), nano-hydroxyapatite (nHAp), graphene oxide (GO),
acrylic acid (AAc) through free radical polymerization and porous scaffold fabricated using the freeze-
drying technique. These fabricated porous scaffolds were then coated with chitosan solution to enhance
their biological activities. The complex structure of BG, nHAp, GO was studied through various
characterization and biological assays. The structural, morphological, wetting and mechanical analyses
were determined using FT-IR, XRD, XPS, SEM/EXD, water contact angle and UTM. The swelling
(aqueous and PBS media) and degradation (PBS media) observed their behavior in contact with body
fluid. The biological activities were conducted against mouse pre-osteoblast cell lines. The result found
that BGH3 has desirable morphological, structural with optimum swelling, degradation, and mechanical
behavior. It was also found to be cytocompatible against MC3T3-E1 cell lines. The obtained results
confirmed that the fabricated polymeric scaffolds would be a potential bone substitute to regenerate
defective bone with different loading bearing applications for bone tissue engineering.

Keywords: biopolymer; biomaterials; biodegradations; polysaccharide; bone tissue engineering

1. Introduction

Bone is a connective tissue supporting and protecting the rest of the body systems
and organs by storing bone marrow, minerals and ions. Bone constantly remodels to adapt
to the mechanical environments and heal the minor lesions [1]. However, certain bone
defects of critical dimensions may cause delayed and harming bone function restoration.
Bone-related impairments and diseases are approximately half of all chronic diseases in
people 50 years above, a big challenge in medical science [2]. Over the last century, a
wide range of activities, strategies, and surgical materials were used to study to regenerate
defective bone tissue. Bone grafts are used in bone tissue application to restore function
and aesthetics that were damaged due to bone defects. To mimic the bone tissue to be
regenerated, the bone substitute’s physicochemical and biomechanical properties should be
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recognized, including architecture, pore size distribution, biocompatibility, degradability,
osteoconduction osteoinductivity and osteogenesis. Biomaterials are categorized based
on their source (allogeneic, alloplastic, autogenous and xenogeneic, etc.), stoichiometry
composition (ceramics and bioglass and polymers, etc.), or interaction with biological
systems [3,4]. Sizeable segmental bone defects cannot be repaired by themselves, even
though bones can heal and/or regenerate. The “gold standard” for repairing bone defects
is still autologous bone grafting. Autologous bone grafting is affected by several issues
(i.e., secondary damage, high donor site morbidity, minimal shape, autogenous bone
insufficiency, etc.). Because of these flaws, it is not widely used in the clinical system [5].

A biodegradable scaffold is placed as a temporary implant into the impaired sites
of defective bones to support and activate bone regeneration which is slowly degraded
and replaced by the new bone in bone tissue engineering. Tissue engineering scaffolds
were developed and tested using bioactive ceramics and polymers with similar chemical
cosmetics of a natural bone, supporting osteogenesis and bonds with the host tissue [6,7].
Bioceramics, despite their beneficial biochemical activity, are brittle and biodegrade slowly,
limiting their medical applications. In contrast, biopolymers offer several advantages over
ceramics. Their mechanical and biodegradation features can be optimized significantly for
some applications. These are especially well-suited to implant in the body and known for
easy term formation into desired orientations and shapes [8,9]. Little mechanical hardness
and shape retention breakdown are the two most severe issues with polymer scaffolds.

For use as scaffolds, many types of natural and synthetics polymers were investigated.
The scaffolds used in tissue repairing are bone, tendon, cartilage, skeletal muscle, skin,
ligament, vascular tissues, and neural tissues. Natural polymers, which are comprised
of proteins (such as collagen, silk and fibrin, etc.) or polysaccharides (including chitosan,
alginate, starch, and arabinoxylan, etc.), have restricted mechanical characteristics, im-
munogenic prospect, and demand [10–12]. Poly(glycolic acid) (PGA), poly(L-lactic acid)
(PLLA), and their copolymers, such as poly(DL-lactic-co-glycolic acid), are some of the most
common synthetic polymers (PLGA). However, these synthetic polymers prevent cellular
growth in a 3D structure due to poor cell adhesion and hydrophobic surfaces [13]. They are
also deficient in specific functional groups, which could be used to alter the surface further.
Previous synthetic biopolymers implanted in vivo discharged acidic degradation products
and triggered a long-term immune response harmful to the host tissues. Furthermore,
during polymer erosion, some specific bulk hydrolyzing PLGA copolymers were observed
to considerably diminish the osteogenesis of the regenerating bone [14].

Polysaccharides are the most common type of carbohydrate in foods. These are
polymeric carbohydrates made up of monosaccharide units linked by glycosidic linkages
that form long chains. Chitosan is a polysaccharide cationic biopolymer that belongs to
the polysaccharide class of biodegradable biopolymers. It is non-toxic, biodegradable,
and non-antigenic. Unlike synthetic polymers, chitosan has a hydrophobic nature that
encourages cell adhesion, differentiation, and proliferation while causing only a minor
inflammatory response when implanted [15]. Chitosan scaffolds are osteoconductive,
meaning they can promote bone regeneration in vitro and in vivo. Despite its widespread
recognition as a biocompatible compound, chitosan is mechanically fragile and unsound,
and swelling causes it to lose its predetermined form for transplantation [16]. A natural
polymer-based system has yet to be developed with a sufficiently porous scaffold with
appropriate mechanical and biological properties comparable to or better than chitosan [17].
β-Glucans (beta-glucans) is a naturally occurring biopolymer composed of β-D-glucose
polysaccharides. It is primarily found in bacteria, cereals, and fungi cell walls, and its
physicochemical properties vary a lot depending on the source [18]. β-Glucans usually
have a linear backbone with 1–3-glycosidic bonds. However, these differ in viscosity,
solubility, molecular mass, branching structure, and gelation properties, resulting in many
physiological effects [19].

Here we report a biodegradable porous composite scaffold, its synthesis and proper-
ties. Briefly, polymeric composites were synthesized using the free radical method from
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arabinoxylan (ARX), β-glucans (BG), nano-hydroxyapatite (nHAp), graphene oxide (GO),
acrylic acid (AAc) and freeze-drying technique was used to fabricate porous scaffolds.
These fabricated scaffolds were coated with chitosan to enhance their biological activities.
X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), scanning electron
microscope (SEM), water contact angle, and universal testing machine (UTM) were used to
characterize the structural, morphological, wetting analyses, and mechanical testing of the
fabricated scaffolds, respectively. The swelling (aqueous and PBS media) and degradation
analysis (PBS media) were conducted to investigate their behavior. The biological activities
were determined against mouse pre-osteoblast (MC3T3-E1) cell lines.

2. Materials and Methods
2.1. Materials

B-glucan is a natural polymer extracted from barley flour and supplied by DSP Gokyo
Food and Chemical Co., Ltd., Osaka, Japan. Acrylic acid (monomer), N, N’-methylene
bisacrylamide (crosslinker) and graphene oxide (CAS# 763713-1G) were supplied by Sigma
Aldrich Selangor, Malaysia. Hydroxyapatite nanoparticles (<100 nm particle size, >95%),
phosphate buffer saline (PBS) solution and ethanol were supplied by Sigma-Aldrich,
Selangor, Malaysia. All chemicals and reagents were used as received.

The osteoblast cells were purchased from the American Type Culture Collection
(ATCC), Manassas, VA, USA. ThermoFisher Scientific (Waltham, MA, USA) supplied
Alpha-MEM (α-MEM). L-glutamine penicillin/streptomycin and fetal bovine serum (FBS)
were provided by Hyclone Laboratories Inc. (Logan, UT, USA).

2.2. Methods
2.2.1. Extraction and Purification of β-Glucan

β-glucan was extracted using a standard method with a slight modification [20].
Briefly, 100 g fine barley flour was dispersed into 500 mL deionized water and pH = 10 of
the slurry was maintained by Na2CO3 (20%, v/w). For 30 min the suspension was stirred at
45 ◦C and centrifuged at 18,000× g for 20 min (4 ◦C and pH 4.5) to isolate protein contents.
The precipitated proteins were removed, and equal amounts of absolute ethanol were
added to the suspension with slow stirring to precipitate β-G. Then, the suspension was
centrifuged (4000× g) for 15 min to get β-G precipitates and kept at 4 ◦C overnight. These
were freeze-dried to have fine powder of β-G and packed in an airtight glass jar.

2.2.2. Extraction and Purification of Arabinoxylan

The psyllium (Plantago ovata) seed husk extracted arabinoxylan with slight modifi-
cation by a well-reported method by Saghir et al. [21]. Briefly, the dust and stones were
removed from psyllium seed husk (500 g) and put into deionized water (3 L) overnight.
The swelled psyllium seed husk was then blended with NaOH soln. (2.5%) and stirring
for 5 min. The insoluble seed husk was separated using a muslin cloth to get the pure gel.
Then, it was coagulated by concentrated acetic acid. The resultant gel was neutralized
using deionized water and freeze-dried to obtain a well-dried powder of arabinoxylan
(ARX).

2.2.3. Polymeric Composite Synthesis

The polymeric composite materials were synthesized by free radical polymerization.
Briefly, biopolymeric powder (ARX = 1 g and BG = 1 g) was dispersed in deionized water
(25 mL) to have homogenized suspension. Different amounts of nHAp (1.4, 1.5 and 1.6)
were dispersed in deionized water (10 mL) to have homogenized suspension by sonication.
These all suspensions were transferred into a round bottom flask (two-necked) and stirred
for 45 min. Then, GO (0.3 mg) was added to the reaction media and stirred for 30 min
at 65 ◦C. The amount of GO was optimized in our previous studies. After, 65 ◦C, the
monomer (AAc = 0.50 mL) and crosslinker (N,N-MBA = 0.05% of AAc) were added into
well homogenized mixture. The free-radical polymerization reaction was initiated by
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adding potassium persulphate (0.05 g) and heated for 3 h at the same temperature under an
inert environment with constant stirring. The reaction was stopped heating, and nitrogen
gas was removed. The reaction media was cooled and vacuum filtered, and the residue
was washed 3 times with deionized water to ensure the unreacted species were from the
product. The synthesized polymeric composite was dried in the oven at 50 ◦C overnight
and packed for further use, and the actual yield was found to be approximately 63.82%. The
composition of materials is mentioned in Table 1. The codes were assigned after a different
amount of nHAp. Each sample (2 g) dispersed into deionized water (5 mL) to make a
homogenized slurry and shifted into aluminium moulds (h = 2 cm and d = 1 cm). These
moulds were frozen at −40 ◦C for 24 h and lyophilized by freeze-drying methodology to
have porous and crack-less well-dried scaffolds.

Table 1. Chemical composition of biomaterial to fabricate scaffolds.

Sample
Name

ARX
(g)

BG
(g)

AAc
(g)

GO
(mg)

nHAp
(g)

BGC1 1 1 0.05 0.03 1.4

BGC2 1 1 0.05 0.03 1.5

BGC3 1 1 0.05 0.03 1.6

3. Characterizations
3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The structural properties and chemical interactions were determined of fabricated
scaffolds using FTIR (Shimadzu FTIR-8100A, Tokyo, Japan). The analysis was conducted
using ATR mode, and 4000–400 cm−1 was scanning range. The average scan was 150 with
a resolution of 4.0 cm−1.

3.2. X-ray Diffraction (XRD)

The diffraction pattern of fabricated scaffolds was determined by X-ray diffractometry.
The analysis was conducted using XRD (Bruker AXS D8 (Kontich, Belgium)) using CuKα

radiation (λ = 1.540 Å) using the voltage at 30 kV with a current of 30 mA. The XRD
spectrum was obtained with a fixed range of 10 to 60◦. The scan speed was 1.5 min−1 and
0.03 o step size.

3.3. Scanning Electron Microscope (SEM)/Energy Dispersive X-ray (EDX)

The morphological analysis of fabricated scaffolds was conducted by SEM (JEOL-
JSM 6480, Peabody, MA, USA). The SEM was coupled with EDS to analyze elemental
composition. Before analysis, the fabricated scaffolds were gold-sputtered.

3.4. X-ray Photoelectron Spectroscopy (XPS)

The XPS analysis was performed by a Scienta-Omicron system coupled with a micro-
focused monochromatic Al K-alpha X-ray source. The detailed survey scan analysis
was performed by operating X-ray at 15 KeV with 700-micron spot size. The constant
analyzer energy (CAE) was kept at 100 eV. The charging effects were avoided by applying
a combined low energy/ion flood source. The Matrix software was used to perform data
acquisition, and Igor pro was applied to analyze the XPS fitting procedure. The shrilly
background was corrected, and Gaussian–Lorentzian line shape was used to study the
Curve fitting of detailed spectra. The C1s were used as reference data by fixing binding
energy at 284.8 eV.

3.5. Mechanical Testing

The mechanical testing was performed using a universal testing machine (UTM,
Testometrics, Rochdale, UK) to obtain strain–stress curves. The strain–each fabricated
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cylindrical scaffold determined stress curve with dimensions 1.5 cm (width) and 1.7 cm
(height) at 0.5 mm/min speed.

3.6. Wetting

The hydrophilicity/hydrophobicity was determined of fabricated scaffolds through
wetting analysis. The contact angle meter (XCA-50) (VCA-Optima, AST Inc., Tacoma, WA,
USA) determines the wetting behavior of fabricated scaffolds. The wetting was investigated
at a different time interval to analyze the effect of time.

3.7. Swelling and Degradation Analysis

The swelling of well-dried fabricated scaffolds was determined in aqueous and PBS
media at 37 ◦C. The fabricated samples of each scaffold were weighted (50 mg) and placed
in corresponding media to determine swelling behavior. The samples were taken out after
a specific interval, and the excess surface liquid was removed carefully by tissue paper to
record actual weight. The scaffold sample was placed into media until equilibrium, and
the swelling percentage was determined by Equation (1).

Swelling (%) =
Ws − Wd

Wd
× 100 (1)

The degradation studies of fabricated scaffolds were observed in PBS media (pH 7.4
at 37 ◦C) for 30 days. The fabricated scaffold was weighed (50 mg) carefully and placed in
PBS media. The scaffold samples were taken out after a specific time interval. The scaffolds
were rinsed with deionized water and oven-dried weight. The percentage degradation was
determined by Equation (2).

Degradation (%) =
Wi − Wt

Wt
× 100 (2)

whereas: Wt = scaffold weight at “t” time, “Wi” initial scaffold weight.

3.8. In Vitro Biological Studies
3.8.1. Cell Morphology

The cell viability of the polymeric composite was studied against MC3T3-E1 cell
lines in triplicates. The 24-well plate was coated by a fine layer of polymeric scaffold
and sterilized using a UV light for 1 h. The cell lines were maintained in culture media
(1% penicillin/streptomycin, 1% (2 mM) L-glutamine, 10% FBS and α-MEM. The cell lines
(5000 cell/cm2) were seeded in a 24-well plate triplicate by cell culture media. The 24-well
plates were incubated for 24, 48 and 72 h under in vitro conditions, i.e., 37 ◦C, 5% CO2 and
90% humidity. After removing cell culture media, the grown cells were fixed by absolute
ethanol for 5 min at room temperature. The cell was gold-sputtered and SEM (JEOL-JSM
6480, Peabody, MA, USA) to capture the photographs at different intervals of time.

3.8.2. Cell Viability and Optical Density

The MC3T3-E1 cell lines were used to determine the scaffolds’ cell viability and optical
density by taking gelatin (0.1%) as +ive control, and 1% dimethyl sulfoxide (DMSO) was
taken −ive control. These well plates were incubated at different time intervals (24, 48,
and 72 h) under in vitro conditions (5% CO2 at 37 ◦C with 90% humidity), as mentioned
in our previous work [22]. The culture well plates were again incubated with neutral red
(40 µg/mL) media for 2 h, Repetto et al. [23]. The excess NR stain was removed by washing
cells with PBS solution for 20 min. These cells were destained by dye-staining solution
(50% deionized water, 49% absolute ethanol and 1% glacial acetic acid) for 10 min. An
absorbance microplate reader (ELx-800) (BioTek, Winooski, VT, USA) was used at 570 nm
to record optical density. A fluorescence microscope (Nikon ECLIPS TS100) with a 488 nm
excitation filter was used to study cell morphology. The background interference of the
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microscopy was fixed by Vital dye (fluorescein diacetate (FDA)), created by coated scaffolds.
Equation (3) was used to calculate cell viability percentage.

Cell viability =
ODs

ODc
× 100 (3)

where ODs = sample optical density and ODc = control optical density.

3.9. Statistical Analysis

The statistical analysis was conducted by software (IBM SPSS Statistics 21) of the
obtained data and presented in mean, standard error (S.E.) and have shown as Y-error bars
in figures. (n = 3), and p < 0.05.

4. Results and Discussion
4.1. FTIR Analysis

The structural analysis of the porous scaffolds was analyzed by FTIR spectral profile as
shown in Figure 1a. The vibration peaks at 571, 608 cm−1 and 1089 cm−1 present the triply
degenerated P−O stretching and O−P−O bending (first two) of HAp. The characteristic
bands from 560 to 600 cm−1 and 1000–1100 cm−1 exhibit moiety of calcium phosphate due
to nHAp [22]. It was further noted that increasing amount of nHAp cause the appearance
of 1146 and 1062 cm−1, which are belonged to stretching vibrations of –C–O–C– and
–C–O–, respectively, which is a clear indication that increasing nHAp amount decrease
polymerization contents due to increased ceramic contents and decreased monomeric
contents [24]. However, the –OH group confirmed HAp in the scaffold at 630 cm−1. The
band from 1750 to 1600 cm−1 is attributed to the C–O stretching of GO, NN-MBA and free
hydroxyl (–OH) [25]. The peak at 2928 cm−1 is typical of saturated aliphatic C–H stretching
vibrations, and broadband at 3100–3500 cm−1 is attributed to inter and intra-hydrogen
bonding due to biopolymers (ARX, BG) [6]. The broadband also confirms the ceramic and
other contents were linked via hydrogen bonding. These peaks and functional groups
confirm the available interaction (covalent bonding, hydrogen and van der Waal forces,
etc.) synthesis of the polymeric composite material via free-radical polymerization. Hence,
the development of our desired composite scaffolds was demonstrated by the presence of
these vibration peaks and bands.
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4.2. XRD Analysis

XRD analysis was conducted in the current research to observe the crystalline and
phase analysis of inorganic content in polymeric scaffolds, as shown in Figure 1b. XRD
pattern of polymeric scaffolds was compared by standard JCPDS (PDF-4-932) data for
HAp. The peaks at 25.89, 31.86, 32.59, 39.77, 47.57 and 49.33 o have corresponding plans
such as (201), (217), (300), (310), (222) and (213), and these are the characteristic peaks
of hydroxyapatite. A sharp peak was observed for HAp with good crystallinity. The
characteristic peak of HAp with the highest intensity was found at a 2θ value of 31.86◦

with corresponding planes (211) and indicated a highly crystalline form of HAp [6]. The
XRD pattern of the polymeric matrix has peaked for nHAp, AAc, GO, BG and ARX. The
polymeric and ceramic contents have retained their crystalline phase in polymeric scaffolds,
confirming the substantial change in their crystal structure. It also indicates the uniform
and fine distribution of HAp in the polymeric matrix. It is analogous to the natural bone
in which HAp is homogeneously dispersed into a collagen matrix [26]. The week and
distinguish peaks at 21.78, 23.81 and 26.34 represented characteristic peaks of the polymeric
matrix that establish HAp incorporation in polymeric scaffolds. The dispersion of HAp in
polymeric solution and more significant diffraction of HAp nanoparticles have improved
the crystalline phase and intensity of polymeric scaffolds. However, characteristic peaks
of the polymeric matrix were observed in FTIR spectra. The entire composite scaffold
exhibited an enhanced sharpness and intensities of characteristic HAp peaks. The increase
in crystal sizes of HAp particles when introduced into polymeric scaffold could be likened
to these reasons [27]. The decrease in crystalline behavior of BG-co-AAc was observed
in composite polymeric materials with poor peaks for BG, GO and AAc. It can be due to
the formation of covalent bonding, hydrogen bonding and other weak interaction during
free-radical polymerization. These were developed in the synthesis of polymeric composite
materials that imprints HAp into the polymeric matrix.

4.3. XPS Analysis

The XPS spectra collected from the as-synthesized BGH-3 sample is shown in Figure 2.
The survey scan collected from BGH-3 shown in Figure 2a identified the carbon, oxygen,
calcium, and phosphorus as we expected. The high-resolution scans of C1s, O1s, Ca2p
and P2p, are shown in Figure 2b–e. The relative atomic percentages of all elements
present on the surface of the sample and the binding energies position of all deconvoluted
peaks are given in Table 2. The deconvoluted peaks of C1s spectra confirm sp2 bonded
carbon (graphene) and functional groups [28]. Ca2p and P2p peaks correspond to calcium
phosphate, and these peak assignments are also reported in the literature [29]. The first
peak of O1s confirms the oxide of Ca, and other peaks are related to OH species [29]. Hence,
the available different binding energy level confirms the different interaction during the
synthesis of polymeric composite material via free radical polymerization.

Table 2. The peak position and relative atomic% of the scaffold samples.

Elements Peaks Deconvoluted Peak Positions (eV) Spin-Orbit Splitting Bonding Relative Atomic%

Carbon (C1s)

peak 1 284.6 ± 0.05 – C=C
(sp2 carbon)

62.90peak 2 285.4 ± 0.05 – C–O

peak 3 287 ± 0.05 – C≥O

peak 4 288.5 ± 0.05 – O–C=O

Oxygen (O1s)
peak 1 531.1 ± 0.05 – O–P–O

25.89peak 2 532.51 ± 0.05 – –OH

Calcium (Ca2p) peak 1 347.39 ± 0.05 2P3/2 CaO

peak 2 350.97 ± 0.05 2P1/2 CaCO3 6.09

Phosphorous (P2p)
peak 1 133 ± 0.05 2P3/2 O–P–O

5.12
peak 2 133.89 ± 0.05 2P1/2 P–O
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4.4. Morphological Analysis

The surface and porous morphologies are significant characters of any biomaterial
for biomedical applications, especially bone tissue engineering. The rough surface and
interconnected porosity are essential to proliferate, differentiate, and adhere to bone tissue
support. These samples exhibit rough surface morphology, and it is also observed that
increasing HAp amount caused interconnected porosity with regulated pore size, as shown
in Figure 3. It is assumed as the polymer concentration increased as ceramic amount
decreased, the viscosity of the solution increased, preventing it from flowing out, causing
some pores to partially close.
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The presence of adequate porosity in the scaffold is essential to regulate critical
processes such as nutrient delivery to cells, metabolite dispersion, pH stability, and cell
signalling. In the early stages, the size of the pores is a significant factor for evaluating the
closeness of cells. The later stages of tissue growth allow for three-dimensional cell-cell
communication and space for cells to organize themselves in three dimensions. Because
cell seeding in the scaffold’s centre and feeding the scaffolds’ inner surfaces are limited,
smaller pores have their constraints. On the other hand, larger pores affect the scaffold’s
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stability and offer physical support for the cell seeding. Pores of sufficient size allow
cells to migrate or adhere to a material’s surface [30]. Table 1 shows that the porosity of
all scaffolds was greater than 55%. It indicates that they have substantial porosity and
are effective for cell adherence and proliferation. Researchers found that increasing the
porosity of macroporous biphasic calcium phosphate ceramic samples improved bone
growth, implying the importance of high porous scaffolds for better cell growth in the
scaffold [31]. The porosity of polymeric scaffolds BGH1, BGH2 and BGH3 are 54.69,
71.24, and 82.96%, respectively. The different porosity (%) of the fabricated scaffolds
confirm that increasing HAp amount have effect over porosity (%) that also affect the
different interaction (covalent, hydrogen bonding and van der Waal forces, etc.) during
free radical polymerization. Pore size is a critical factor to consider when designing a tissue
engineering scaffold. In terms of attachment, matrix deposition, and differentiation, it has
an impact on cellular activity. Within the field of bone tissue engineering, there appears to
be widespread agreement that the optimal pore size for bone tissue scaffolds is between
100 and 500 micrometres for better cell adhesion and proliferation, as well as vascular
ingrowth [32]. The EDX analysis confirms the increase in HAp intensity as HAp amount
increases, and no foreign component is found that causes any toxicity.

4.5. Mechanical and Porosity

Porous scaffold must mimic the native extracellular matrix (ECM) with desirable
mechanical behavior and porosity, an essential requirement for bone tissue regeneration.
The mechanical properties of the scaffolds should be similar to those of native bone tissue.
The mechanical strength can be determined by the impact resistance of polymeric scaffolds
to retain structural integrity during implantation [33]. Multiple aspects of a biomaterial,
including topography, particle and crystal size, chemical nature, and pore size distribution,
can significantly affect the cellular behavior for biological efficiency. Almost all of these
features are linked to the compositions of ceramic and polymeric components during
synthesizing the composite materials [34].

The polymeric scaffolds’ machinal properties were conducted via stress-strain curves,
as shown in Figure 4a. Since GO and HAp are well-known materials to enhance the
mechanical and structural integrity of materials. The amount of GO was optimized, and
different nHAp amounts were used to enhance the mechanical behavior of fabricated
scaffolds [35]. Hence, the increasing amount of nHAp has increased compression strength
(minimum = 6.19 and maximum = 13.76 MPa) and Young’s modulus (maximum = 113.75
and minimum = 35.73 MPa). It was noted that increased nHAp amount caused increased
mechanical strength, but a decreased porosity was observed. The detailed properties of
mechanical and porosity are given in Table 1. Since nHAp is a ceramic material and has
several available active sites. The increasing nHAp caused increased mechanical strength
due to crosslinking behavior that caused the close packing of polymeric scaffolds that
reduced the porosity [15]. The relationship between porosity and Young’s modulus of the
polymeric scaffolds have shown in Figure 4b. The variable nHAp amount has changed the
chemical structure by affecting interface and matrix grains. Optimized amount of GO and
increased HAp amount enhanced mechanical properties due to grain size boundary. The
nHAp provides a vast surface area that interacts with polymeric matrix and other materials
to regulate the porosity of polymeric scaffolds [36]. The porosity, mechanical strength and
Young’s modulus has been summarized in Table 3.

Table 3. Summaries the mechanical and porosity of the polymeric scaffolds.

Samples Compression Strength
(MPa)

Young’s Modulus
(MPa)

Porosity
(%)

BGH1 06.19 ± 1.3 35.73 ± 1.2 82.69 ± 1.1

BGH2 10.48 ± 1.1 56.07 ± 1.1 71.24 ± 1.2

BGH3 13.76 ± 1.1 113.75 ± 1.2 54.69 ± 1.2
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4.6. Wetting Analysis

Wetting of material surfaces is a crucial feature for tissue engineering, and it has an
impact on cell-material interactions. Wetting of polymeric material is a vital property to
achieve a suitable biological response. Wetting measurements are an essential part of the
scientific analysis of biomaterial features. Contact angle measurements are one of the
most common methods for determining the wetting behavior of polymeric biomaterial
surfaces [37]. The hydrophilic surface is better for osteoblast growth and mineral deposition
than the hydrophobic surface. The bioactivity and cytocompatibility of the scaffold are
both critical factors and can be evaluated by the wetting behavior of scaffolds [38]. Figure 5
presents the wetting behavior concerning the time and quantity of nHAp. It was observed
that an increasing amount of nHAp shifts hydrophobic behavior from hydrophilic. It is
also worth mentioning that increasing water contact time shift hydrophobicity behavior
towards hydrophilicity, as shown in Figure 6. Since these scaffolds possessed different
wetting behavior due to different times. Hence, the scaffolds are hydrophilic, which have a
water contact angle of less than 90◦. This analysis indicates that the hydrophobicity can be
modified by introducing hydrophilic materials and increasing water contact time with the
polymeric scaffolds. The wetting behavior of the fabricated scaffolds has been summarized
in Table 3.
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4.7. Swelling and Degradation Analysis

The ability of biomaterials to swell is a crucial feature that facilitates the interaction
of the biological system with biomaterials. It also regulates the sustained release of ther-
apeutic agents. Swelling is a characteristic of polymeric materials that occurs when a
solvent penetrates the void space of the polymeric chain network. The swelling causes the
polymeric materials to expand. In some cases, external triggers (such as pH, ionic strength,
temperature, etc.) can influence the swelling behavior of polymeric materials [39]. The
polymeric content of the biomaterial is higher. It allows more fluids to exchange with the
environment. Due to the large surface areas of the polymeric composite, it responds faster
to exhibit swelling capacity than conventional polymeric composites [40].

Scaffold swelling behavior and structural integrity are critical for tissue engineering
clinical use. In biological fluids, mostly biopolymers swell quickly. Initial swelling is
desirable in the in vitro culture studies because the resulting increase in pore size enhances
3D cell adherence and proliferation. On the other hand, persistent swelling would result
in a loss of mechanical integrity that develops compressive stress in the surrounding
tissue [41]. The implantation site’s pH value and media condition significantly impact
the swelling behavior of a scaffold. Because of the different HAp nanoparticles amounts,
the swelling behavior of these fabricated scaffolds varies. The scaffolds swelled more
in deionized water and less in PBS solution, as shown in Figure 6a. The data show that
increasing nHAp in the scaffolds reduced swelling in deionized water and PBS media
at 37 ◦C, as presented in Figure 6b. Because there was less nHAp and more polymeric
content in BGH-3, it swelled the least (deionized water = 62.30%, PBS media = 47.87%).
Due to the highest content of nHAp, BGH-1 had the maximum swelling (deionized water
= 86.20%, PBS media = 71.90%). The interesting feature where HAp nanoparticles behave
like a physical crosslinker is responsible for different swelling characteristics of scaffolds.
Increasing the quantity of HAp nanoparticles in a polymeric material may cause additional
crosslinking, reducing the material’s elasticity behavior [42].

The essential characteristics of polymeric composites for biomedical applications are
degradability and biocompatibility. Polymeric composites are generally biocompatible and
low in toxicity. As a result, they do not cause any unwanted biological responses at the
molecular, cellular, or organ level. They contain more water, and the hydrophilic functional
groups in the polymeric network are more numerous [43]. Because the polymeric substrates
are arranged via various weak interactions, most polymeric composite-based drug delivery
systems prepared by self-assembly are degradable. The degradation of scaffolds in PBS
solution at 37 ◦C was evaluated, and degradation (%) was estimated by weight loss, as
shown in Figure 6c. As the time spent immersed in the PBS solution increased, so did
the weight loss. Because these are physical crosslinkers, increasing the amount of HAp
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nanoparticles has the reverse impact on degradation. The scaffold sample BGH1 showed
the most degradation, while BGH3 showed the least. The crosslinking ability of the HAp
nanoparticles is responsible for the different degradation properties of hybrid composite
scaffolds [44]. It would be simple to conclude that increased HAp amount causes the
scaffolds to crosslink more, resulting in a more compact structure that is less easily eroded.
Increased crosslinking also changes the scaffold’s hydrophobicity to a more hydrophobicity
(Figure 6c). The swelling and biodegradation behavior of the fabricated scaffolds has been
summarized in Table 4.

Table 4. Summaries the swelling, biodegradation and wetting analysis.

Samples Swelling
(Aqueous) (%)

Swelling
(PBS) (%)

Biodegradation
(%)

Wetting 0 s
(degree)

Wetting 10 s
(degree)

BGH1 86.20 ± 1.3 71.90 ± 1.2 32.72 ± 1.1 112 106.10

BGH2 73.87 ± 1.1 58.40 ± 1.1 43.69 ± 1.2 92.40 89.20

BGH3 62.30 ± 1.1 47.87 ± 1.2 53.38 ± 1.2 81.40 74.70

4.8. In Vitro Studies
4.8.1. Cell Morphology

The cell adherence and morphology of the polymeric scaffold were evaluated against
MC3T3-E1 cell lines, as shown in Figure 7. These polymeric scaffolds are multifunctional
due to several available functional groups (–OH, –OPO3, –CH3 and –COOH, etc.) of GO,
HAp, and the polymeric matrix. This multifunctionality encourages cell adherence that
supports cell viability and proliferation due to hydrogen bonding [6]. It was observed that
increasing HAp enhances active sites that are helpful for integrin bonding with the surface
of polymeric scaffolds and improve cell adherence, differentiation with a proper cylindrical
shape. The increased hydrophilicity with desirable multifunctionality helped material-
DNA communication, and increased nHAp encouraged osteogenesis to heal host bone [6].
The rough and porous morphology of polymeric scaffolds has a microstructural surface
that develops a feasible microenvironment that helps cell adherence and cell spreading
in a cylindrical shape, as shown in Figure 8. Hence all polymeric scaffolds have proper
cylindrical and stretched morphology, and mature cell adherence and morphology were
observed after 72 h for BGH3.
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4.8.2. Cell Viability and Optical Density

The biological activities of polymeric were performed against MC3T3-E1 cell lines by
in vitro analyses to determine cell viability (Figure 8a) assay and optical density (Figure 8b).
The advancements in biomolecular science techniques have made it possible to collect
osteoblast-precursor cells from various sources. The most common sources are bone
marrow, umbilical blood, facial bones, subcutaneous fat, muscular tissue, osseous tissue,
orthodontic pulp, and periosteum [45]. To study the concentration effect, the cell viability
and optical density were performed using different concentrations (1, 1.5, 2 and 2.5 mg/mL).
These polymeric scaffolds were incubated against MC3T3-E1 cell lines under in vitro
analysis at different time intervals (24, 48 and 72 h). The cell viability, adherence and
proliferation were increased with increasing HAp amount and maximum cell viability
and proliferation after 72 h with mature cell adherence. The cylindrical cell shape was
observed with proper adherence, and mature adherence was found after 72 h for BGH3.
The increasing HAp amount with fixed GO amount increases the active sites that encourage
cell adherence, which leads to cell viability and optical density, causing cell proliferation.
Since the active sites (HAp) and oxygen-based (GO and BG) have several functional
groups that improve microstructural behavior and micro-environmental for cell adherence
that facilitate cell viability and proliferation as HAp is well known for osteogenesis [16].
The combined effect of BG, GO and HAp support cytocompatibility due to enhanced
physicochemical properties. Hence, the polymeric scaffolds were biocompatible with
improved cell viability and proliferation with mature cell adherence.

5. Conclusions

Excellent translational biomaterials demonstrate a ton of potential performance in the
lab but have limitations in commercialization due to cast and other research aspects. Here
we reported the synthesis of polymeric composite materials via the free radical method to
fabricate polymeric scaffolds using the freeze-drying technique. The results demonstrate
that the fabricated scaffolds have porous morphology, adjustable wetting, swelling, degra-
dation and mechanical testing. In vitro bioactivities were performed against MC3T3-E1 at
different times and concentrations. It was found that increasing ceramic (nHAp) amount
enhances physicochemical and biomechanical characteristics. BGH3 was the best polymeric
scaffold due to high mechanical (Young’s modulus and compression) with appropriate
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porosity and surface morphology due to maximum HAp amount with fixed GO quantity.
The increasing HAp amount enhances the cytocompatibility and biocompatibility of cell
adherence, leading to cell viability and proliferation due to the highly interrelated porous
scaffold structure. It was found from the results that these polymeric scaffolds have desir-
able structural, morphological and biocompatible properties with different load-bearing
mechanical behaviors. These polymeric scaffolds would be promising biomaterials to
regenerate fractured bone for bone tissue engineering applications.
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Abstract: The study investigated the effects of the addition of starch on the properties of oil palm
biomass particleboard bonded with citric acid. Three kinds of oil palm biomasses were used in this
study for the fabrication of particleboard, namely, oil palm frond (OPF), oil palm trunk (OPT), and
empty fruit bunch (EFB) particles. Citric acid and tapioca starch at the mixing ratios of 100:0, 87.5:12.5,
and 75:25 were prepared at a 60% solid content. A 30% resin content based on the oven-dried weight
of the oil palm biomass particles was used. The sprayed particles were pre-dried at 80 ◦C for 12 h
before being hot-pressed at 180 ◦C and 4 MPa pressure for 10 min. The physical and mechanical
properties of the particleboard were evaluated. The mixtures of citric acid and tapioca starch were
characterized by thermogravimetric analysis (TGA). Thermal stability of citric acid was reduced after
the addition of tapioca starch. The addition of 12.5% tapioca starch improved the bending strength of
the particleboard but increased the thickness swelling slightly. All UF-bonded particleboard exhibited
significantly inferior performance than that of citric-acid-bonded particleboard. Citric-acid-bonded
particleboard maintained its original shape after being subjected to a cyclic-aging treatment, while
the UF-bonded particleboard disintegrated half way through the treatment. The performance of EFB
particleboard was significantly inferior to its OPT and OPF counterparts.

Keywords: citric acid; oil palm trunk; oil palm frond; empty fruit bunch; cyclic aging treatment

1. Introduction

Malaysia is one of the main palm oil producers and exporters worldwide. As of
December 2020, the total oil palm planted area in Malaysia amounted to 5.865 million
hectares. Of the planted area, 53.3% is in East Malaysia (Sabah and Sarawak), while the
remaining 46.7% is in Peninsular Malaysia [1,2]. According to Khalil et al. [3], the replanting
activities and oil palm industry has generated at least 30 million tons of underutilized
residues in the form of trunks, fronds, empty fruit bunches, and leaves every year. These oil
palm biomasses could be categorized into two general types based on their generation sites.
Oil palm trunks (OPT) and oil palm fronds (OPT) are readily available in the planting sites.
The combination of OPT and OPF amounted to 75% of the total oil palm biomasses [4]. The
remaining 25% are those generated at the mill sites after the extraction of fresh fruit bunches
for palm oil, including empty fruit bunches (EFB), palm shell kernels, and palm oil mill
effluent (POME). These oil palm biomass residues could be converted into value-added
products to avoid wastage. Particleboard is one of the ideal options as any lignocellulosic
materials could be used in particleboard production [5].
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Citric acid is a natural chemical substance that could be found in various fruits and
vegetables, especially in citrus fruits. Lemons and limes are among citrus fruits that contain
a higher concentration of citric acid [6]. Thanks to its adhesivity and green nature, citric
acid could be a good candidate as the main binding agent for wood and wood-based
products. Umemura et al. [7] reported that the good adhesivity and bonding properties are
a result of the ester linkages formed as the carboxyl groups of citric acid reacts with the
hydroxyl groups of the wood constituent. In fact, citric acid has been used as a main binding
agent for several types of wood composites such as particleboard, fiberboard, plywood,
and laminated veneer lumber [8]. Citric-acid-bonded particleboard is among the most
extensively studied wood composites. In recent years, due to the persistent environmental
issues, application of non-formaldehyde-based or green binders from renewable resources
has become an irresistible general trend. Citric acid could serve ideally to address this
problem.

In the production of particleboard, many additives could be added to the citric acid in
order to improve the performance of the resultant boards. For example, Umemura et al. [9]
added sucrose to citric acid to improve the bonding performance of the particleboard. On
the other hand, teak particleboard was fabricated using citric acid and sucrose, and im-
provement in dimensional stability was reported [10]. Apart from sucrose, starch could also
be added to citric acid to enhance the performance of particleboard. Widyorini et al. [11]
fabricated petung bamboo (Dendrocalamus sp.) particleboard bonded with different ratios
of citric acid and starch. It was found that an addition of 12.5 wt% starch could improve
the dimensional stability and bending strength of the particleboard. The authors attributed
the improvement to the strong hydrogen bond interactions between citric acid and starch.
The authors also reported that the amount of amylose in starch is a deciding factor to
the dimensional stability of particleboard. Starch with higher amylose tends to result in
particleboard with better dimensional stability as the linear chains of amylose are able to
form strong linkages that are responsible for better water resistance.

A variety of wood and non-wood materials have been used in the production of citric-
acid-bonded particleboard such as bamboo [12], teak [10], sweet sorghum
bagasse [13], Nipa fronds [14], alang-alang (Imperata cylindrica) [15], new giant reed
(Arundo Donax L.) [16], sugarcane bagasse [17], and rubberwood [18]. However, to the best
of the authors’ knowledge, studies on the citric-acid-bonded particleboard made from oil
palm biomasses such as oil palm trunk (OPT), oil palm frond (OPF), and empty fruit bunch
(EFB) have yet to be reported. The effects of starch addition on the performance of citric
acid as a binder for these oil palm biomasses is also unknown. Therefore, the objectives of
this study were to investigate the performance of three oil palm biomasses bonded with
citric and tapioca starch at different ratios.

2. Materials and Methods
2.1. Preparation of Materials

Three types of oil palm biomasses, namely, oil palm trunk (OPT), oil palm frond (OPF),
and empty fruit bunch (EFB) were used in this study. Both OPT and OPF were collected
from the felled oil palm trees in an oil palm field at Universiti Putra Malaysia. A portable
wood chainsaw (STIHL M170, Waiblingen, Stuttgart, Germany) was used to reduce the
size of the OPT and OPF before ground into particle sizes. On the other hand, fibers of
EFB were supplied by a local company located at Dengkil, Selangor. The distribution of
the particles’ width and length are shown in Figure 1. Most of the OPT and OPF particles
had a width ranging between 0.5 to 1.0 mm, while the majority of the EFB particles had a
width less than 0.1 mm. In terms of length, the EFB particles used in this study were longer
than that of OPT and OPF particles. All of the oil palm biomasses were dried in an oven at
60 ◦C for 7 days to achieve a 3% moisture content before particleboard fabrication. Citric
acid in powder form was purchased from Evergreen Engineering & Resources, Semenyih,
Selangor, Malaysia. Tapioca starch was purchased from a grocery store, Serdang, Selangor,
Malaysia. Citric acid and tapioca starch were dissolved into distilled water to achieve a
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60% resin solid content. The citric acid and tapioca starch mixture ratios were set at 100:0,
87.5:12.5, and 75:25 (w/w).

Figure 1. Distribution of width (a) and length (b) of oil palm frond (OPF), oil palm trunk (OPT), and
empty fruit bunch (EFB) particles used in this study.

2.2. Fabrication of Particleboard

Single-layer particleboard was produced using citric acid and tapioca starch at differ-
ent ratios (100:0, 87.5:12.5, and 75:25). Thirty percent resin loading based on the oven-dried
weight of oil palm biomass particles were sprayed on the particles. The mixture was then
mixed at room temperature for 5 min using a mixer machine (custom made). The mixing
process was carried out carefully to ensure the mixture of citric acid and tapioca starch
were spread evenly with the oil palm biomass particles. The mixed particle was then
oven-dried in an oven at 80 ◦C for 12 h prior to hot pressing. The oven-dried particles were
then hand-formed into a mat using a 340 mm × 340 mm wood mold. The mat was first
pre-pressed to compact and then hot-pressed at 180 ◦C for 10 min with a 4 MPa pressure
using a 100 Ton hydraulic laboratory hot press (Carver CMG 100H-15, Ontario, NY, USA).
The pressing parameters were chosen according to the study by Lee et al. [8,19], where
a pressing temperature of more than 180 ◦C for 10 min was preferential for citric-acid-
bonded particleboard. A pair of 12-mm thick steel bar was used to control the thickness
of the board during the hot-pressing process. Particleboards with final dimensions of
340 mm × 340 mm × 12 mm (length × width × thickness) with a target density of
650 kg/m3 were produced. Three boards produced from a urea formaldehyde (UF) resin
(65% solid content) was used as a control. Ten wt% resin loading was used to produce
the control particleboard. One wt% ammonium chloride was added to the UF resin as a
hardener. After hot pressing, the boards were conditioned in a conditioning room setting
at a temperature of 20 ± 5 ◦C and a relative humidity of 65 ± 5% until a constant mass
was attained. The conditioned particleboards were then trimmed and cut according to
the dimension requirements stated in JIS A 5908:2003 [20] for physical and mechanical
properties’ evaluation. Figure 2 shows the cutting pattern and sample sampling for the
tests. For every particleboard, 2 replicates of samples for each test were obtained. Three
replications of particleboard were produced for every citric acid/tapioca starch ratio and
UF (control) resin in order to obtain 5 replicates for every physical and mechanical test.
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Figure 2. Cutting pattern and sample sampling for evaluation of density, moisture content (MC),
thickness swelling (TS), water absorption (WA), internal bond (IB), modulus of rupture (MOR), and
modulus of elasticity (MOE).

2.3. Properties Evaluation
2.3.1. Thermogravimetric Analysis (TGA) of Citric Acid/Tapioca Starch Binder

TGA of citric acid and topical starch mixture in powdered form was performed under
a nitrogen atmosphere using the instrument TGA Q500 V20.13 Build 39 (TA Instruments,
Pittsburgh, PA, USA) between 30 and 600 ◦C (10 ◦C min−1) in the Laboratory of Biocompos-
ite Technology, Institute of Tropical Forestry and Forest Products, Universiti Putra Malaysia,
Serdang, Selangor.

2.3.2. Chemical Composition and Bulk Density of Oil Palm Biomasses

The determination of chemical content such as lignin, cellulose, hemicellulose, and
extractives of the oil palm biomasses were conducted in accordance to the Technical
Association of Pulp and Paper Industries (TAPPI) standard. The determination of lignin
of the samples was conducted in accordance to TAPPI standard T222 os-74 [21], while the
cellulose and hemicellulose was determined according to the procedure specified in TAPPI
standard T203 os-74 [22] and Wise et al. [23], respectively. The bulk density of the particles
of the oil palm biomasses were determined by using a cylinder method according to the
study by Lee et al. [24]. A known weight of oil palm biomasses particles was put into a
graduated cylinder half-filled with water. The amount of increment in water volume was
recorded, and the bulk density was obtained by dividing the mass of the particles over
volume increased.

2.3.3. Mechanical Properties of Particleboard

Test specimens were trimmed and prepared according to JIS A 5908:2003 [20] for prop-
erties’ evaluation. Mechanical properties including the modulus of rupture (MOR), the
modulus of elasticity (MOE), and the internal bond (IB) of the particleboard were evaluated
in accordance with JIS A 5908:2003 [20]. The bending properties (MOR and MOE) were eval-
uated by using a three-point test on samples with dimensions of 230 mm × 50 mm × 12 mm
(length × width × thickness). Meanwhile, the IB test was conducted on samples with di-
mensions 50 mm × 50 mm × 12 mm using a Universal Testing Machine (UTM, Instron-3366,
Norwood, MA, USA). Five replicates were tested for each test.
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2.3.4. Physical Properties of Particleboard

The physical properties of the particleboard including water absorption (WA) and
thickness swelling (TS) produced were evaluated in accordance with JIS A 5908:2003 [20].
The samples having a width and length of 50 mm × 50 mm were immersed in water, and
the weight and thickness of the immersed were weighed and measured at time intervals of
2 and 24 h. The changes in thickness and weight before and after immersion were expressed
as a percentage (%). Cyclic aging treatment was performed according to Kusumah et al. [25].
The immersed samples (after 24 h) were subjected to cyclic aging treatment in the following
sequence:

i. Drying at 105 ◦C for 10 h
ii. Immersion in water at 70 ◦C for 10 h
iii. Drying at 105 ◦C for 10 h
iv. Immersion in boiling water for 4 h
v. Drying at 105 ◦C for 10 h

The weight and thickness changes of the samples after every stage of the treatment
were recorded. Five replicates were used for every test.

2.3.5. Statistical Analysis

The data collected were analyzed using Statistical Analysis System (SAS) software
(SAS 9.4 solutions, Armonk, NY, United States). Analysis of variance (ANOVA) at a 95%
confidence level (p ≤ 0.05) was performed. Tukey’s honest significant difference (HSD) test
was used to further determine the significant level of average values for each treatment.

3. Results and Discussion
3.1. Chemical Composition and Bulk Density

The chemical composition and bulk density of the oil palm biomass particles used in
this study are shown in Table 1. OPT had the highest lignin content of 26.47% compared
with OPF (19.93%) and EFB (21.17%). Meanwhile, EFB had higher cellulose than that of
OPT and OPF, while OPF had the highest content of hemicellulose (35.32%). The extractive
content for these three oil palm biomasses ranged from 1.54 to 4.80%. The values reported
are in agreement with the values reported in Abdul Khalil et al. [26]. They had a high
cellulose content, making these oil palm biomasses very suitable in fabricating polymer
composites [27].

Table 1. Chemical composition and bulk density of oil palm frond, oil palm trunk, and empty fruit
bunch particles.

Biomasses Oil Palm Frond Oil Palm Trunk Empty Fruit Bunch

Lignin (%) 19.93 ± 0.26 26.47 ± 0.46 21.17 ± 0.88
Holocellulose (%) 75.26 ± 0.21 71.99 ± 0.48 75.49 ± 0.67

Cellulose (%) 39.95 ± 0.23 42.47 ± 0.19 45.30 ± 0.41
Hemicellulose (%) 35.32 ± 0.41 29.52 ± 0.41 30.19 ± 0.38

Extractive (%) 4.80 ± 0.07 1.54 ± 0.01 3.34 ± 0.12
Moisture content (%) 7.41 ± 0.01 5.82 ± 0.01 6.70 ± 0.01
Bulk density (kg/m3) 560.80 ± 15.73 460.00 ± 11.91 670.20 ± 22.40

Note: values after “±” are standard deviations.

As for bulk density, EFB had the highest bulk density of 670.20 kg/m3, while the
bulk densities for OPF and OPT were 560.80 kg/m3 and 460.00 kg/m3, respectively. The
findings were comparable to the study by Abdul Khalil et al. [26] who reported that the
bulk density of OPF, OPT, and EFB ranged between 600–1200 kg/m3, 500–1100 kg/m3, and
700–1550 kg/m3, respectively. However, the bulk density of oil palm biomasses reported
in this study was higher than other agricultural plants such as sweet sorghum bagasse
(125 kg/m3) [25], kenaf core (118 kg/m3) [28], and bamboo (200 kg/m3) [29].
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3.2. Thermogravimetric Analysis (TGA)

Figure 3 displays the thermogravimetric (TG) and derivative thermogravimetric (DTG)
curves of binder mixed at different ratios of citric acid and tapioca starch. It can be seen
from Figure 3 that pure citric acid started to degrade at around 150 ◦C and peaked at 224 ◦C
(Figure 3b). The observation is very close to the study by Silva et al. [30] who reported that
the decomposition of citric acid occurred between a temperature range of 150 to 220 ◦C,
and the DTG peak was at 210 ◦C. The authors stated that 95% of the transformation of citric
acid occurred within this temperature range. Nevertheless, the addition of starch reduced
the initial degradation temperature of the mixture of citric acid and tapioca starch, as seen
in Figure 3a. From the DTG curves shown in Figure 3b, one can see that the decomposition
temperature was reduced to 210 ◦C when 12.5% and 25% tapioca starch was added. The
observation indicates a lower thermal stability after the addition of starch [31]. A study
by Ali et al. [32] revealed that the tapioca starch started to degrade at about 62 ◦C under
a nitrogen atmosphere and continued to lose weight until 500 ◦C. Therefore, it might be
one of the reasons that causes a reduction in the thermal stability of citric acid after the
addition of starch.

Figure 3. (a) Thermogravimetric (TG) and (b) derivative thermogravimetric (DTG) curves of binder
mixed at different ratios of citric acid and tapioca starch.

The particleboard was hot-pressed at 180 ◦C in this study. At this temperature, pure
citric acid experienced a weight loss of 5.9%, while the mixture of citric acid and tapioca
starch at 87.5:12.5 and 75:25 recorded weight losses of 9.0% and 15.8%, respectively. The
event implies a lower thermal stability of the mixture at a lower temperature. However, the
mixture of citric acid and tapioca starch showed a higher resistance at a higher temperature,
and their final residue was much higher than that of pure citric acid. Overall, the mixture
of citric acid and tapioca starch at a ratio of 75:25 had the highest T80 (temperature for
80% weight loss), which was 388.3 ◦C, followed by 87.5:12.5 (281.4 ◦C) and pure citric acid
(228.0 ◦C). The final residues were 13.7%, 7.6%, and 2.2%, respectively. This might be due
to the crosslinking of citric acid with starch through covalent bonding. As a higher degree
of crosslinking with citric acid was achieved at higher starch loadings, the final residue
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also increased correspondingly [31]. Additionally, a higher residue could be a result of
carbonized material and the ash of starch at a high temperature [32].

3.3. Mechanical Properties of the Particleboard

Table 2 demonstrates the mechanical properties of the particleboard produced in this
study.

Table 2. Modulus of rupture (MOR), modulus of elasticity (MOE), and internal bonding (IB) of oil
palm biomass particleboard bonded with different binders.

Binder MOR (N/mm2) MOE (N/mm2) IB (N/mm2)

Oil palm frond
UF 6.89 ± 1.57 d,e,f 972.75 ± 51.5 e 0.22 ± 0.06 d,e

100CA:0 starch 7.32 ± 0.65 c,d,e 2299.49 ± 250.38 a 0.52 ± 0.13 a

87.5CA:12.5 starch 9.28 ± 0.63 a,b 2471.98 ± 143.67 a 0.46 ± 0.16 ab

75 CA:25 starch 10.24 ± 0.53a 2329.84 ± 114.77a 0.34 ± 0.07bcd

Oil palm trunk
UF 6.44 ± 0.45 e,f,g 578.12 ± 60.48 f 0.25 ± 0.02 c,d,e

100CA:0 starch 8.75 ± 0.93 a,b,c 1711.96 ± 150.82 b,c 0.44 ± 0.02 a,b

87.5CA:12.5 starch 8.24 ± 0.75 b,c,d 1873.79 ± 62.28 b 0.40 ± 0.03 a,b

75 CA:25 starch 5.64 ± 0.52 f,g,h 1500.05 ± 65.13 c,d 0.37 ± 0.04 b,c

Empty fruit bunch
UF 4.49 ± 0.33 h 854.04 ± 63.81 e 0.12 ± 0.01 e

100CA:0 starch 5.08 ± 0.35 g,h 1287.28 ± 93.51 d 0.35 ± 0.02 b,c,d

87.5CA:12.5 starch 7.15 ± 0.92 c,d,e,f 1285.17 ± 50.57 d 0.25 ± 0.03 c,d,e

75 CA:25 starch 4.49 ± 0.40 h 772.51 ± 64.69 e,f 0.23 ± 0.03 c,d,e

Note: values after “±” are standard deviations. Within the same column, mean values followed by the different
letters a–h were significantly different at p ≤ 0.05.

UF-bonded OPF particleboard had an MOR and an MOE of 6.89 N/mm2 and
972.75 N/mm2, respectively. The MOR and MOE values increased as citric acid was
used as a binder. It is interesting to note that the MOR of the OPF particleboard increased
when higher starch was added to the citric acid. As for the MOE, the addition of 12.5%
starch increased the MOE of the particleboard, but it started to decrease when 25% starch
was added. On the other hand, OPT particleboard experienced the same trend as the
OPF particleboard in terms of MOE. However, OPT particleboard showed a decreasing
MOR trend as the starch addition increased. The MOR of OPT particleboard bonded
with pure citric acid and 87.5CA:12.5 starch did not differ significantly. UF-bonded EFB
particleboard had the lowest MOR value of 4.49 N/mm2. However, EFB bonded with citric
acid exhibited a higher MOR, particularly those bonded with 87.5CA:12.5 starch, which has
a statistically higher MOR value than UF-bonded EFB particleboard. The MOE values of
the citric-acid-bonded EFB particleboard also displayed a decreasing trend with increasing
starch addition, but no significant different was detected between particleboard bonded
with pure citric acid and 87.5CA:12.5 starch.

Citric-acid-bonded particleboard had a higher IB strength than that of UF-bonded
particleboard. A very consistent trend was noticeable for the IB strength of citric-acid-
bonded particleboard as the IB values decreased with increasing starch addition. The
maximum IB strength of pure citric-acid-bonded OPF, OPT, and EFB particleboard were
0.52 N/mm2, 0.44 N/mm2, and 0.35 N/mm2, respectively. However, with the addition of
12.5% starch, the IB strength decreased around 11.5%, 10%, and 28.6% for OPF, OPT, and
EFB particleboard, respectively. The IB strength of the particleboard experienced further
decrement when 25% starch was added. All the particleboard bonded with citric acid
achieved the minimum requirement of IB strength (0.15 N/mm2) for type 8 particleboard
as specified in JIS A 5908. Overall, with the exception of some outliers, the addition of
12.5% starch was beneficial to the bending strength of the particleboard. Further starch
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addition (25%) could cause a disastrous effect to the mechanical strength of the fabricated
particleboard.

Among the oil palm biomasses, particleboard made from OPF particles seemed to have
the highest mechanical properties. This may be due to fact that OPF possesses thick fiber
walls. Better bonding could be achieved as the lumen to cell wall ratio is high in OPF, which
means OPF particles could be easily compressed closely together [33]. Both OPF and OPT
particleboard have significantly better mechanical properties than that of EFB particleboard.
One of the probable reasons leading to this observation might be the bulk density of
the material itself. Boruszewski et al. [34] reported in their study that the particleboard
manufactured from poplar with a lower bulk density achieved a more compacted structure.
As a result, minimum voids existed in the boards and correspondingly lead to better
mechanical strength. As shown in Table 1, EFB had the highest bulk density followed
by OPF and OPT. Lower bulk density inevitably leads to a higher compaction ratio, and
the mechanical properties of the boards also increased proportionately with an increasing
compaction ratio [24]. In addition, the EFB was reported to have traces of oil on the fiber
surfaces [35]. These oil traces caused the EFB to have lower wettability, which prevents the
adhesive to be spread evenly on the surfaces of the particleboard. Consequently, it is very
difficult for the EFB particleboard to achieve an effective bonding, and subsequently this
leads to poor mechanical strength.

3.4. Physical Properties

Thickness swelling (TS) and water absorption (WA) of the particleboard fabricated in
this study are listed in Table 3.

Table 3. Thickness swelling (TS) and water absorption (WA) of oil palm biomasses particleboard
bonded with different binders after 2 h and 24 h immersion in water.

Binder TS2h (%) TS24h (%) WA2h (%) WA24h (%)

Oil palm frond
UF 48.07 ± 1.15 d 71.22 ± 2.51 e 109.60 ± 5.31 h 140.01 ± 2.85 g

100CA:0 starch 6.73 ± 0.63 a 12.85 ± 1.00 b 49.46 ± 2.40 a,b 63.69 ± 1.24 a,b

87.5CA:12.5 starch 12.27 ± 0.47 b 20.84 ± 1.11 c 48.48 ± 2.81 a,b 62.60 ± 2.87 a,b

75 CA:25 starch 18.77 ± 1.10 c 22.01 ± 1.99 c 63.91 ± 2.15 d 81.46 ± 5.00 d

Oil palm trunk
UF 44.19 ± 3.08 d 56.96 ± 4.12 d 102.10 ± 1.43 g 128.01 ± 4.03 f

100CA:0 starch 6.65 ± 0.51 a 12.11 ± 0.70 b 46.97 ± 1.91 a 57.25 ± 1.15 a

87.5CA:12.5 starch 6.95 ± 0.40 a 7.28 ± 1.00 a 59.56 ± 1.99 c,d 73.01 ± 1.55 c

75 CA:25 starch 7.38 ± 0.84 a 10.60 ± 0.60 a,b 55.00 ± 0.84 b,c 68.01 ± 1.37 b,c

Empty fruit bunch
UF 90.86 ± 5.11 e 144.02 ± 4.55 f 176.64 ± 6.58 i 185.55 ± 4.71 h

100CA:0 starch 16.53 ± 0.44 c 20.11 ± 0.94 c 93.29 ± 3.17 f 96.68 ± 3.07 e

87.5CA:12.5 starch 20.04 ± 1.34 c 24.63 ± 0.78 c 81.79 ± 2.89 e 87.24 ± 3.63 d

75 CA:25 starch 19.96 ± 1.07 c 23.01 ± 1.27 c 87.26 ± 2.45 e,f 123.02 ± 6.09 f

Note: values after “±” are standard deviations. Within the same column, mean values followed by the different
letters, a–h were significantly different at p ≤ 0.05.

After 2 h immersion in water, the TS2h of the UF-bonded OPF, OPT, and EFB parti-
cleboards were 48.07%, 44.19%, and 90.86%, respectively. Meanwhile, TS24h values were
71.22%, 59.96%, and 144.02%, respectively. The observation is unsurprising as UF resin is
known to be very instable at high relative humidity owing to its susceptible aminomethy-
lene linkage [36]. However, the TS values of the particleboard dropped significantly when
citric acid was used as a binder. The TS24h values of OPF, OPT, and EFB particleboards
bonded with pure citric acid (100:0) were approximately one-sixth, one-fifth, and one-
seventh of their respective UF counterparts. Both OPF and EFB particleboard bonded with
pure citric acid had significantly lower TS24h values than the particleboard bonded with
starch addition. The findings were in agreement with Widyorini et al. [11] who reported
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that the TS of bamboo particleboard increased along with increasing starch content. The
authors attributed the increment of the TS to the solubility of starch in water. However,
OPT particleboard bonded with 87.5CA:12.5 starch exhibited the lowest TS24h value of
7.28%.

Similarly, particleboard bonded with citric acid had a significantly lower WA2h (46.97%
to 93.29%) and WA24h (57.25% to 123.02%) than UF-bonded particleboard (102.10% to
176.64% and 128.01% to 185.55%, respectively). The findings indicate that the citric acid
inhibited water absorption by the particleboard during the water-immersion test [25].
Among oil palm biomasses, EFB particleboard had higher WA values compared to that
of the OPF and the OPT particleboards. The OPT particleboard had the lowest TS and
WA values. Hashim et al. [37] stated that the particleboard made from non-trunk particles
typically had higher TS or poor dimensional stability. As discussed previously, the surfaces
of EFB are hydrophobic due to the existence of oil. This hydrophobic characteristic leads
to poor resin spreading and prevents good particle–particle bonding [38]. Therefore, EFB
particleboard has a very low dimensional stability.

The thickness and weight changes of oil palm biomass particleboards during cyclic
aging treatment are shown in Figures 4–6.
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Figure 4. Thickness change (a) and weight change (b) of oil palm frond particleboard during cyclic-
aging treatment.

As shown in Figure 4, UF-bonded OPF particleboard was disintegrated after 24 h
of immersion in water followed by drying at 105 ◦C for 10 h, which indicates very poor
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dimensional stability. In comparison, OPF particleboard bonded with citric acid displayed
a much better dimensional stability compared to that of the UF-bonded particleboard. After
boiling in hot water for 4 h, the thickness changes of the particleboard bonded with pure
citric acid (100:0) was 32.82%. Meanwhile, particleboard bonded with 87.5CA:12.5 starch
and 75CA:25 starch recorded thickness-change values of 37.18% and 50.77%, respectively.
The trend of weight change (Figure 4b) during and after the cyclic-aging treatment mirrored
that of the thickness change as the particleboard bonded with pure citric acid exhibited the
lowest weight-change value.

Figure 5. Thickness change (a) and weight change (b) of oil palm trunk particleboard during cyclic-
aging treatment.

UF-bonded OPT particleboards are the most dimensionally stable ones compared
to that of the OPF and EFB particleboards. UF-bonded OPT particleboard experienced
disintegration after the second drying stage at 105 ◦C, right after immersion in warm
water at 70 ◦C for 10 h. Dissimilar to OPF particleboard, OPT particleboard bonded with
87.5CA:12.5 starch displayed the lowest thickness change of 11.69% after being boiled
in hot water for 4 h (Figure 5a). The thickness change values of citric-acid-bonded OPT
particleboard was more than two-fold lower than its OPF counterparts. Nevertheless, OPT
particleboard bonded with pure citric acid exhibited the lowest weight change after 4 h of
boiling in hot water (Figure 5b).
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Figure 6. Thickness change (a) and weight change (b) of empty fruit bunch particleboard during
cyclic-aging treatment.

For EFB particleboard, UF-bonded particleboard experienced disintegration after the
first drying stage at 105 ◦C, which was similar to UF-bonded OPF particleboard. The
thickness change value of EFB particleboard bonded with pure citric acid was 35.08%
after being boiled in hot water for 4 h (Figure 6a). Meanwhile, the weight values of EFB
particleboard bonded with citric acid showed a very drastic change during each stage of
the treatment (Figure 6b).

Generally, in most of the cases, the thickness and weight change values increased
along with increasing starch content. OPT particleboard was the only exception, where the
particleboard bonded with 87.5CA:12.5 starch displayed the lowest thickness change. It
can be concluded that the addition of starch contributed to the increment of water-soluble
compounds in the particleboards. As a result, the water resistance of the adhesive reduced
as the particleboards were subjected to repeated immersion cycles. The water penetrated
into the particleboard and weakened the bond of the particleboard [20]. Apart from that,
the reduction in thermal stability after the addition of starch might also contribute to this
observation. The particleboard was hot-pressed at 180 ◦C in this study. Based on the TGA
curves shown in Figure 3, at this temperature, pure citric acid experienced a weight loss
of 5.9%, while the mixture of citric acid and tapioca starch at 87.5:12.5 and 75:25 recorded
weight losses of 9.0% and 15.8%, respectively. Therefore, the citric acid compounds that
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contribute to the adhesiveness became lesser in the particleboard after the addition of
starch, especially when 25% of starch was added.

With the exception of UF-bonded particleboard, all the particleboard bonded with
citric acid and the mixture of citric acid and tapioca starch maintained their original shape
after cyclic-aging treatment (Table 4). A darker color was observed for the citric-acid-
bonded particleboard after the cyclic-aging treatment. On the other hand, UF-bonded
particleboard either displayed a huge extent of swelling or complete disintegration after
the cyclic-aging treatment.

Table 4. Visual change of oil palm biomass particleboard before and after being subjected to cyclic-
aging treatment.

Binder Before After

Oil palm frond

UF

- - -

100CA:0 starch

- -

87.5CA:12.5 starch

- -

75CA:25 starch

- -

Oil palm trunk

UF

- - -

100CA:0 starch

- -
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Table 4. Cont.

Binder Before After

87.5CA:12.5 starch

-

75CA:25 starch

-

Empty fruit bunch

UF

- -

100CA:0 starch

- -

87.5CA:12.5 starch

- -

75CA:25 starch

- -

4. Conclusions

The effects of the addition of starch on the properties of oil palm biomass particle-
board bonded with citric acid were investigated in this study. Generally, the addition of
starch reduced the thermal stability of citric acid when subjected to lower temperatures.
However, the mixture of citric acid and tapioca starch showed higher resistance at higher
temperatures as indicated by the higher amount of residues compared to that of pure citric
acid. In terms of the physical and mechanical properties of the particleboard produced, an
addition of 12.5% starch might be beneficial. All of the citric-acid-bonded particleboard
showed significantly better performance than that of UF-bonded particleboard. Some
of the particleboard displayed better bending strength when bonded with a mixture of
citric acid and tapioca starch at ratio of 87.5:12.5. Although some particleboards showed a
decreasing trend after an addition of 12.5% starch, the decrement was, however, insignif-
icant compared to those bonded with pure citric acid. The addition of 25% starch was
unfavorable as it resulted in an adverse effect on the mechanical properties of the particle-
board. On the other hand, a similar observation was obtained for physical properties of
the particleboard. The addition of 12.5% starch slightly increased the TS and WA of the
particleboard (although some showed a slight decrement) due to the solubility character-
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istic of starch in water. The increment was, however, acceptable. When subjected to the
cyclic-aging treatment, citric-acid-bonded particleboard displayed superior dimensional
stability as they maintained their original shape after the treatment. On the contrary, all
the UF-bonded particleboard disintegrated half way through the treatment. Among oil
palm biomasses, OPT and OPF exhibited better performance than that of EFB in terms of
mechanical strength and dimensional stability. In conclusion, citric acid is a promising
binder for particleboard as well as other wood composites. The addition of 12.5% starch
could be beneficial to the mechanical properties, but addition beyond that loading is not
recommended.
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Abstract: Xanthan gum solutions have gained increasing interest for their use as environmentally
friendly chemicals in the oil industry. Xanthan is compatible with most concentrate brines used
for controlling formation damage and fluid loss. Particularly, formate brines reinforce the ordered
structure of the biopolymer in solution, gel strength, and the specific gravity of the resulting fluid.
In this paper, we studied the effect of thermal aging on the rheological behavior of xanthan solu-
tions as a function of the concentration in potassium formate. Ionic strength below a threshold
concentration does not prevent the degradation of the structure of xanthan after being submitted
to aging at 165 ◦C. Aged solutions show an important loss of strength in their mechanical prop-
erties, lower pH, and higher content in furfural and hydroxymethylfurfural. Highly concentrated
formate brines are necessary to maintain the strength of the rheological properties after exposure to
high-temperature environments.

Keywords: xanthan gum; potassium formate; rheological behavior; high-temperature aging

1. Introduction

Biopolymers have been proven to be an interesting alternative for the development
of sustainable and environmentally friendly fluids in many industrial activities. Polysac-
charides, such as xanthan gum (XG), in brine solutions are commonly used in oilfields as
rheology controllers. Its pseudoplastic characteristics and high resistance to shear degra-
dation [1,2] cover the desired requirement of high viscosity at a low shear rate, which is
necessary for maintaining drill cutting in suspension when the flow is stopped, avoiding
settling to the bottom hole. At the same time, these characteristics cover the desired re-
quirement of low viscosity at a high shear rate, which facilitates pumping circulation [3–7].
Particularly, formate salts have been used successfully since the late 1990s as comple-
tion fluids due to their high solubility in water and the ease with which one can prepare
formulations with the required density to compensate the formation pressure [8,9].

The rheological versatility of XG in solution is due to the development of a time-
dependent structure with a well-known order-disorder transition that leads to non-Newtonian
behavior, which depends on concentration, temperature, pH, ionic strength, pyruvate and
acetate content, etc. [10,11]. The rheological behavior of XG has been characterized as weak
gel-like in linear oscillatory shear [12–15] and pseudoplastic in viscous flow [16]. This
behavior turns it into a Newtonian liquid at higher temperatures with the disruption of the
ordered structure above the conformational thermal transition [17].

The presence of salts in XG solutions not only improves the strength of the rheological
behavior but also enhances the thermal resistance to degradations at high temperatures [8].
High ionic strength protects the helical structure, favoring the ordered state and increasing
the order-disorder transition temperature, and consequently preventing XG chains from
chemical attack [18], mainly in highly concentrated formate brines [9]. Despite the screening
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protection of the structure, degradation always takes place with thermal aging [7,19–21].
Degradation of the ordered xanthan heavily influences its rheological behavior, turning
its gel-like properties to liquid, and consequently, there is the challenge of extending the
performance window for engineering oilfield applications [22–26].

To go further into the role that formate salts play in the stabilization of xanthan
solutions at high temperatures, in previous works, the rheological behavior of XG as
a function of the XG concentration in concentrate brines has been studied, concluding
that potassium formate enlarges the range of temperatures at which the solution behaves
as a weak gel [9], enhancing its resistance to thermal degradation and improving the
conservation of the pseudoplasticity [20].

In this paper, we focus on the effect that ionic strength has due to potassium formate
on the rheological behavior of XG solutions, exploring the change in pH and the products
of degradation, before and after being submitted to thermal aging. It was hypothesized that
the screening effect and association promoted due to the high concentration in potassium
formate would protect the ordered structure of XG in solution against the chemical attack
at high temperature, avoiding the degradation of the non-Newtonian behavior.

2. Materials and Methods
2.1. Sample Preparation

A native xanthan solution, 2.0 wt%, was prepared by adding xanthan powder
(Mw ~·106 g/mol; Guinama S.L.,Valencia, Spain) without purification to distilled water;
0.01 wt% sodium azide (Sigma-Aldrich Co., Steinheim am Albuch, Germany) was added to
the solution as a preservative. The sample was maintained at rest to fully hydrate for 24 h,
after which the solution was stirred at room temperature in a Silverson mixer (Silverson
Machines Ltd, Chesham, UK) (600 and 2000 rpm for 15 min, respectively). This stock
solution was stored at room temperature.

Solutions of 100 mL of XG in potassium formate were made by taking 25 g of the native
xanthan stock solution at 2.0 wt%, dissolving the corresponding quantities of reagent grade
potassium formate (Sigma-Aldrich Co., Steinheim am Albuch, Germany), and adding
distilled water to complete the volume of 100 mL. A magnetic stirrer (C-MAG HS 7,
IKA-Werke GmbH, Staufen, Germany), at 500 rpm, was used to homogenize the solution.

The densities of the solutions were measured at 30 ◦C, taking the clear liquid after sep-
arating the xanthan gel by centrifugation at 6000 rpm (MAGNUS 22, Ortoalresa, Daganzo,
Spain), using an Anton Paar DMA 5000 densimeter.

2.2. Rheological Measurements

The rheological characterization was carried out using a controlled stress rheometer
Physica MCR-301 (Anton Paar, Seiersberg, Austria), equipped with coaxial cylinder geom-
etry CC27 (26.266 mm inner diameter, 28.92 mm outer diameter, and 40.032 mm length),
that was used for all measurements, at the temperature of 30 ◦C, which was controlled by a
Peltier system C-PTD200.

The linear viscoelasticity region was determined by performing stress sweeps on each
sample at a frequency of 1 rad/s, at the temperature of 30 ◦C. Frequency sweeps, from 0.1
to 100 rad/s, were carried out at shear stress inside the linear viscoelasticity region. At
least two replicates of each test were undertaken. The standard deviation among replicates
was within ±5%.

Steady-state viscosity curves were collected at 30 ◦C, increasing the shear rate (upward
curve) and then decreasing the shear rate, with the data being collected over a period of 60 s
at each shear rate and using the continuous shear rate mode option of the rheometer. The
two sets of data were very similar (within 5% of each other). As such, only the downward
flow curves are presented here.
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2.3. Thermal Aging and Degradation

Samples for aging were placed in high-pressure containers (100 mL) made of 316L
stainless steel and were pressurized with 50 bar of nitrogen at room temperature. The sam-
ples were statically aged at 165 ◦C for 16 h in a convection oven (Heraterm, Thermofisher,
Waltham, MA, USA). Pressure and temperature were recorded during the whole aging
period with the help of a pressure transmitter Sensotec DMP 331, a thermocouple type K,
and a DAC device inet-555 (Omega Engineering, Norwalk, CT, USA). After aging, samples
were cooled to room temperature and stored at 4 ◦C for the measurement of the rheology,
density, and furfural/ hydroxymethylfurfural (F+HMF) content.

F+HMF was quantified before and after aging by ultraviolet-visible (UV-vis) spec-
troscopy, using a GENESYS 10 UV-Vis Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with quartz cuvettes of 1 cm light path. Samples were
centrifuged (MAGNUS 22, Ortoalresa, Daganzo, Spain) to remove precipitates, and the
supernatant was diluted and analyzed. A sweep for wavelengths from 200 to 800 nm
was performed (results not shown) and the maximum peak was detected in the range
272–282 nm. A wavelength of 277 nm was selected for testing in accordance with the work
by Heggset et al. [26]. The calibration curve for F+HMF was constructed from solutions of
Sigma-Aldrich standard (Lot 185914/Lot W501808) containing a 1–20 ppm concentration
of F+HMF fitted to the equation:

A = 0.149[F + HMF] + 0.066
(

R2 = 0.999
)

(1)

where A is the absorbance at 277 nm, which ranged from 0.122 to 1.037, and [F+HMF] is
the furfural and hydroxymethylfurfural concentration in ppm. The samples were diluted
1/50 for spectrophotometric measurement. Each experimental value was the average of
five results. Deviations from the respective means were all less than 1%.

3. Results and Discussion
3.1. Viscoelastic Behavior

Figure 1 shows both the storage and loss moduli versus frequency for fresh xanthan
solutions in distilled water and in 15.00 M of potassium formate (HCOOK), at the temper-
ature of 30 ◦C, well below the conformational thermal transition of XG in solution [15].
As can be observed, for both solutions, the values of the storage modulus are higher than
those of the loss modulus at the same frequency. In addition, both storage and loss moduli
show a weak dependence on frequency. This is more apparent for the solution in formate
brine, which shows a lower slope in the evolution of moduli with frequency at low and
intermediate frequencies. These observations demonstrate that these solutions behave
as weak gels. Gel-like behavior is typical for XG solutions, at moderate concentrations,
where the intermolecular associations control the response to linear deformations, as has
been previously reported [12]. The presence of a high concentration of salts compacts
the ordered structure of XG in solution, enhancing the molecular interactions and the
association by hydrogen bonding [27]. This effect increases the strength of the viscoelastic
response of the structure, leading to both the increase in the values of the storage and loss
moduli and the decrease of the loss tangent (tan δ = G”/G’) [28]. Similar behavior has been
described for concentrate XG solutions in chloride and formate brine [9] and in sodium
and calcium chloride [21].

Figure 2 shows the evolution of the viscoelastic moduli as a function of the potassium
formate concentration for fresh XG solutions. As can be observed in Figure 2, the values
of both the storage (Figure 2A) and loss modulus (Figure 2B) increase when the molar
concentration of formate increases in the solution. At the same time, the loss tangent
decreases with both the frequency and concentration, up to a minimum value of around
20 rad/s. After that, tan δ values increase suddenly (Figure 2C).
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Figure 1. Storage and loss moduli versus the frequency for fresh XG solutions at 0.5% (w/v).

Figure 2. Evolution of the viscoelastic properties with the potassium formate concentration for fresh
XG solutions at 0.5% (w/v) in HCOOK. (A) Storage modulus. (B) Loss modulus. (C) Loss tangent.

To quantitatively evaluate the effect of potassium formate on the viscoelasticity of
these solutions, a plateau modulus (GN

0) is defined as the value of the storage modulus at
the frequency of the minimum value of the loss tangent. Figure 3A,B display the values of
both the plateau modulus and loss tangent at the frequency where the minimum in the
loss tangent appears, as a function of the formate concentration, respectively. As can be
seen in Figure 3A, GN

0 increases nearly linear (R2 = 0.94) with the formate concentration
from 9.4 Pa for the native solution to 15.4 Pa for the concentrated solution, respectively.
Moreover, a slight decrease of the loss tangent is observed when increasing the formate
concentration, from a value of 0.33 to 0.28 for native and concentrate solutions, respectively.
Wyatt et al. [17,27] studied the effect of ionic strength on the rheology of XG solutions over
a wide range of XG concentrations, observing that for moderate XG concentrations (above
2000 ppm), ionic strength plays different roles depending on the ionic concentration scale.
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In contrast, for this XG solution studied at a moderate concentration (0.5% w/v), 5000 ppm),
a clear increase in rheology was observed with the concentration of formate over the
whole range of ionic strength explored. A screening effect and Colombian repulsion would
explain the changes observed in rheology with respect to native XG solutions in the low
region of salt concentration [29]. Nevertheless, for higher ionic strengths (above, 1.00 M),
the screening effect would reinforce interactions due to hydrogen bonding that would be
responsible for the observed slight increase in the viscoelasticity and viscous properties, in
agreement with the hypothesis of Wyatt et al. [27] of strengthening the hydrogen bonding
by screening of the charge in concentrate brines.

Figure 3. Evolution of the plateau modulus (A) and the minimum of tan δ (B) with potassium formate
concentrations for fresh XG solutions at 0.5% (w/v).

3.2. Flow Behavior

At room temperature, below the conformational transition, XG in solution adopts a
partial self-associated structure that is very sensitive to shear, showing a shear-thinning
behavior due to the orientation of the polymer chains in the direction of flow as it has
been previously reported [12,15,30]. Depending on the concentration and the experimental
shear-rate windows, XG may show a tendency to reach a zero-shear limiting viscosity
in the low shear-rate region; a power-law drop in viscosity at intermediate shear-rates
that, in some cases, is followed by a trend towards an infinite shear-rate-limiting viscosity
in the high shear-rate region. This shear-thinning behavior has been modelled by using
different approaches, such as the power-law model [31], the Hershel-Bulkley model [15],
the Carreau model [2], and the Cross model [9,11,20].

In this case, the parameters that characterize the shear-thinning behavior have been ob-
tained from the Cross model Equation (2) [32] (viscosity η, shear rate

.
γ, limiting viscosities

at low and high shear-rate ηo and η∞, respectively, the flow index m, and the consistency
index k. Values are shown in Table 1:

η = η∞ +
ηo − η∞

1 + (k· .
γ )

m (2)

435



Polymers 2021, 13, 3378

Table 1. Cross model parameters for fresh samples XG 0.5% (w/v) as a function of the
formate concentration.

Fresh Xanthan 0.5% (w/v)

KHCO2 (mol/L) η0 (Pa·s) η∞ (Pa·s) k (s) m
0 145.98 6.02 × 10−3 52.3 0.881

0.25 186.06 7.39 × 10−3 61.5 0.894
0.5 221.43 7.47 × 10−3 61.9 0.890
1 191.68 7.82 × 10−3 63.1 0.891

2.5 216.60 9.34 × 10−3 68.9 0.899
5 266.08 1.14 × 10−2 73.7 0.907

7.5 328.67 1.40 × 10−2 94.6 0.893
15 428.43 2.63 × 10−2 129.7 0.904

The main effects of formate ionic strength on the flow behavior of these solutions are
a slight increase in the values of the limiting viscosities (ηo and η∞) and the consistency
index, k, more significant for higher concentrations of potassium formate. Nevertheless,
little effect was observed on the values of the flow index, which remains almost constant,
around 0.90, with ionic strength.

These observations indicate that for this XG solution, the ionic strength due to potas-
sium formate salts would reinforce the response of the solution in steady-state viscous
flow; however, this does not significantly influence the degree of sensitivity to shear. This
behavior is compatible with the hypothesis of Wyatt et al. [27] in the sense that the effect of
the screening of charge above a certain ionic strength influences interactions that remain
independent of the shear rate that flows the solution.

3.3. Effect of Aging on the Rheological Behavior

Despite XG in solution having suitable mechanical properties under shear and be-
ing considered as a good thickener in many oilfield operations, its resistance to high-
temperature environments is a major drawback that limits high-pressure/high-temperature
(HP/HT) applicability. The evaluation of the effect that thermal aging exerts on the rheol-
ogy and microstructure of XG in solution would be a good strategy for determining both
the time and applicability window in thermal aggressive environments.

The thermal resistance of XG solutions is enhanced by both the screening protection
of charge due to the ionic strength of cations and the antioxidant capacity of the anion [33].
The thermal resistance of XG would improve if the ordered structure remains as the main
conformation of the biopolymer in solution at high temperatures [19,21]. In this sense, in
previous work, it was proved that brines not only protect XG in solution against thermal
disruption, enlarging the temperature interval where the thermal transition takes place,
but also that the weak-gel response dominates the rheological properties [9]. However,
the original rheological behavior, at temperatures below the thermal transition, was not
fully recovered after submitting the solution to high temperatures, even in the presence of
concentrate brines. Furthermore, formate salt was the most suitable salt compared with
chlorides for protecting the structure of XG in solution against thermal degradation, at
concentrations above XG 0.5 wt% [8,20]. These solutions retained the minimum degree
of pseudoplasticity to be suitable for engineering applications in aggressive temperature
environments, such as drilling and completion operations in oilfields. Recently, these
findings have also been corroborated by Wu et al. [21], studying fluids based on XG with
side-chain modifications in sodium and calcium concentrate brines at high temperatures.

Here, XG 0.5% (w/v) in potassium formate solutions at concentrations below 1.00 M
completely loses its pseudoplastic characteristics after being submitted to static aging for
16 h at 165 ◦C, resulting in an aged solution that behaves as a low viscosity Newtonian
liquid. The residual viscosity of the aged solutions is around 6 mPa·s (see Table 2), slightly
above the viscosity of potassium formate, which ranges from 1–8 mPa·s for 0.50 to 15.00 M,
respectively. At higher concentrations of salt, as can be seen in Figure 4, the pseudoplasticity
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is partially recovered at 30 ◦C. This result suggests that some degree of the ordered structure
remains after aging. The flow curves after aging were fitted to the Cross model, with the
resulting parameters shown in Table 2.

Table 2. Cross model parameters for aged samples XG 0.5% (w/v) as a function of the formate concentration.

HCOOK
(mol/L) η0 (Pa·s) η∞ (Pa·s) k (s) m η0Ag/η0Fr

(%)
kAg/kFr

(%)
mAg/mFr

(%)

0 6.5 × 10−3 - -
0.25 6.4 × 10−3 - -
0.50 6.7 × 10−3 - -
1.00 7.8 × 10−3 - -
2.50 2.200 1.00 × 10−3 1.70 0.707 1.00 2.40 78.6
5.00 41.41 2.64 × 10−3 19.3 0.817 15.2 26.1 90.1
7.50 120.60 7.50 × 10−3 52.3 0.847 36.7 55.3 94.8
15.00 192.00 2.39 × 10−2 77.1 0.874 44.8 59.4 96.7
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In general, the higher the concentrate in formate salt, the more resistant it is to
degradation; however, some degree of degradation is always observed. To some extent,
thermal aging modifies all parameters that characterize the pseudoplastic behavior of XG
solutions, as can be deduced by comparing the values of the parameter in Table 1 (before
aging) and Table 2 (after aging).

The effect of thermal degradation on the XG structure also changes the viscoelastic
characteristic of the solution. In agreement with the previous results of viscous flow tests,
XG solutions below the concentration of 1.00 M in potassium formate completely lose their
viscoelastic properties, turning into a viscous liquid solution. This result is due to the high
degradation of the polymeric structure. XG solution at the concentration of 2.50 M partially
retains its original viscoelastic properties, as can be seen in Figure 5A, but after aging, a clear
decrease in the values of moduli is noticed. In addition, at low frequencies, the solution
shows an apparent tendency to the terminal region of the mechanical spectrum, with values
of the viscous modulus higher than those of the storage modulus at the same frequency. In
this region, the slope in log scale of the storage and loss moduli is 1.26 and 0.77, relatively
close to 2 and 1, respectively. This would indicate that some degree of interaction remains
among the degraded biopolymer chains in solution with longer relaxation times. At higher
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frequencies, a crossover point, at which the loss tangent becomes 1, appears followed by a
flattening of the slope of the viscoelastic moduli versus frequency. This fact indicates that
part of the weak-gel structure of xanthan remains in solution, becoming a more viscoelastic
liquid [12].

Figure 5. Effect of aging on the viscoelastic behavior for XG 0.5% (w/v) in potassium formate 2.50 M (A), 5.00 M (B), 7.50 M
(C), and 15.00 M (D).

The increase in the formate concentration leads to an increase in the values of both
moduli, enhancing the viscoelastic properties of the solution. This fact is more evident for
the storage modulus, as can be seen in Figure 5B–D, which resists the effects of thermal
aging very well. The results indicate less degradation with the increase in the concentration
of salt. Consequently, the formate salt would protect against thermal degradation of the
ordered structure, which would be responsible for the elastic properties of the solution.
Moreover, the crossover point shifts to lower frequencies, extending the frequency windows
where the solution displays weak-gel properties. Nevertheless, as is the case of steady-state
flow, some degree of degradation is also observed even for concentrate brines. It is worth
noting that the percentage of recovery in the values of GN

0 (100·GN
0

Aged/ GN
0

Fresh) after
aging is 68%, 77%, and 68% for concentrations of 5.00, 7.50, and 15.00 M, respectively.

It is also worth highlighting that in agreement with previous results [15,28], positive
deviations of the Cox-Merz rule (steady shear viscosity values lower than those of the
complex viscosity at the same shear rate and frequency) have been observed for both fresh
and aged XG solutions (i.e., for fresh XG in brine 7.50 M, at 10 s−1 or rad/s, η = 0.73 Pa·s,
η* = 1.27 Pa·s; for aged XG in brine 7.50 M, at 10 s−1 or rad/s, η = 0.62 Pa·s, η* = 1.04 Pa·s).
This suggests that the structural degradation due to thermal aging of XG does not change
the thermorheological nature in solution [9].

3.4. Structure-Properties Relationships

The mechanisms of structural degradation for XG in solution include free-radical
oxidation, acid-basic catalyzed hydrolysis, and enzymatic degradation [34–36]. It has
been stated that the degradation of the structure would start with an attack on the side
chains and would continue through the main chain with different effects on the rheological
behavior [18]. Side-chain degradation would mainly affect the acetyl group, with there
being less influence on the reduction of the elastic properties of the solution since the main
ordered structure remains [21]. Further attacks to the main chain would drastically change
the molecular weight and the rheological properties.

In this study, the changes in pH and the products of degradation were determined to
address the changes in XG structure. The pH drop after high-temperature aging has been
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associated with both free-radical oxidation [35,37] and acid-basic hydrolysis [36,38]. The
concentration of F+HMF in the aged solution would be a measure of the degradation of
the main chain. At high temperatures, the degradation of hexoses and pentoses by acid-
hydrolysis converts them into F+HMF, respectively. These compounds can be determined
using UV-vis spectroscopy in polysaccharide solutions after aging. This has been related to
chain degradation even in the presence of formate salt [26].

At 165 ◦C, the disordered conformation would be the main structure for XG in potas-
sium formate solution at concentrations below 5.00 M [39]. For these solutions, XG in a
disordered conformation would be very vulnerable to hydrolysis of the main chain [18,19],
resulting in the loss of the rheological properties after 16 h of exposure at 165 ◦C in a
low-oxygen environment. For these solutions, the ionic strength is not sufficient to raise
the order-disorder transition temperature above the aging temperature and prevent XG
chains from chemical attack [21].

In this regard, the evolution of pH and the increase in F+HMF content of the solutions
after degradation are displayed in Figure 6A,B, respectively. As can be seen in Figure 6A,
aging leads to a decrease in pH inversely proportional to the formate content. Native XG
solution shows acidic pH and, consequently, the highest degree of degradation due to
acid-hydrolysis would be expected. In addition, the highest content in F+HMF would
also indicate the degradation of the main chain of XG, and consequently, the loss of
the rheological properties. The concentration in potassium formate increases the pH of
both fresh (R2 = 0.99) and aged (R2 = 0.96) solutions linearly up to 9.9 and 9.3 for the
saturated solution, respectively. Degradation due to thermal aging acidifies the resulting
solution; however, the pH drop is flattened when the concentration of potassium formate
increases [26]. This observation would be explained assuming the high protection capacity
of the ordered structure by formate salt [37] and subsequently the delay in degradation
processes for concentrations higher than 5.00 M, where the ordered state remains at aging
temperature. Since fresh samples were pressurized with N2 at 50 bar, free radical oxidation
would be minimized and, therefore, degradation by hydrolysis seems to be the most
probable mechanism, showing a different extent depending on the formate concentration.

Figure 6. Degradation measured as: (A) Evolution of pH. (B) Furfural and hydroxymethyl/
furfural content.
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However, the content in F+HMF decreases suddenly with the presence of formate
0.50 M (from 235 to 100 ppm), and evolutes inversely and proportionally to the formate
content with a slope of −6.9 M (R2 = 0.97), being 5 ppm for 15.00 M. A high degree of
resistance to thermal degradation with important maintenance of both pseudoplasticity
and elastic properties (Figures 4 and 5, respectively) is observed for aged solutions in
HCOOK above 7.50 M. These solutions show a (F+HMF) content below 50 ppm. Therefore,
XG in potassium formate above 7.50 M (equivalent to 48.2 wt% in HCOOK and density at
30 ◦C of 1.310 g/mL) shows rheological behavior suitable for use in oilfield applications. It
is worth noting that the density of the solution does not change after aging at 165 ◦C for
16 h, being very similar to that of the fresh solution for all concentrations of formate tested.

4. Conclusions

In linear viscoelasticity, XG at 0.5% (w/v) behaves as a weak gel, with values of the
storage modulus being higher than those of the loss modulus at the same frequency. The
gel strength increases with the concentration of formate in solution. The main effects on
the flow behavior of the formate ionic strength are a slight increase in the values of the
limiting viscosities, (ηo and η∞) and the consistency index, k.

In general, the higher the concentrate in formate salt, the more resistant it is to
degradation after aging. Aged XG solutions in formate below 1.00 M completely lose both
their elasticity and their pseudoplasticity, resulting in a low-viscosity Newtonian liquid.
XG in formate solutions below 5.00 M would develop a disordered structure that is very
vulnerable to the hydrolysis attack of the main chain, resulting in a loss of rheological
properties after 16 h at 165 ◦C.

At higher formate concentrations, XG retains its ordered structure responsible for
the high rheological properties. This structure would be protected by high ionic strength
against the thermal degradation of aging at 165 ◦C; however, some degree of degradation
always takes place, lowering all the parameters that characterize the pseudoplastic behavior
and the values of the storage modulus. Nevertheless, solutions above 7.50 M in formate
retain the rheological properties enough to be suitable for use in oilfield applications.
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Abstract: Lignin is an abundant biopolymer with potential value-added applications that depend
on biomass source and fractioning method. This work explores the use as emulsifiers of three
native lignin-rich product coming from industrial bioethanol production and alkali or Kraft pulping.
In addition to their distinctive characteristics, the different molecular organization induced by
emulsification pH is expected to interact in various ways at the water-oil interface of the emulsion
droplets. Initially, model oil-in-water (O/W) emulsions of a silicone oil will be studied as a function of
lignin source, disperse phase concentration and emulsification pH. Once stablished the effect of such
variables, emulsion formulations of three potential bitumen rejuvenators (waste vegetable cooking
oil, recycled lubricating oil and a 160/220 penetration range soft bitumen). Droplet size distribution,
Z-potential and viscous tests conducted on model emulsions have shown that emulsification pH
strongly affects stabilization ability of the lignins tested. Regarding bitumen rejuvenators, lignin
emulsification capability will be affected by surfactant source, pH and, additionally, by the dispersed
phase characteristics. Lower Z-potential values shown by KL at pH 9 and 11 seem to facilitate
emulsification of the less polar disperse phases formed by RLUB and bitumen. In any case, lower
particle size and higher yield stress values were found for both bioethanol-derived lignins emulsifying
RVO and RLUB at pH 13, which are expected to exhibit a longer stability.

Keywords: lignin; emulsion; rheology; microstructure; bitumen; product design

1. Introduction

Lignin is an abundant renewable polymer that, in many cases, ends up burned
to obtain energy as, for instant, lignin contained in black liquor of Kraft process side
stream [1,2]. However, potential value-added applications have been described elsewhere,
such as antioxidants, antimicrobials or potential building block for chemical modifications,
which arise from the high amount of chemicals sites present in the lignin structure [2].
Thus, the complex structure of polymeric lignin has been described elsewhere showing
a wide variety of functional groups that depend on its biomass source and fractioning
method [3,4]. Particularly, the latter affecting both lignin structural characteristics and
industrial potential applications (e.g., surface located carboxylic and phenolic groups,
contribute to the biosorption properties of lignin) [3–6].

Regarding biomass source, hardwood contains approximately 17 y 26% of lignin and
is mostly composed of guaiacyl and syringyl units and traces of p-hydroxyphenyl, whereas
softwood with around 25 and 31% of lignin mostly contains guaiacyl units, with a small
amount of p-hydroxyphenyl units [6,7].

On the other hand, among fractioning methods, lignin derived from alkali or Kraft
process is the most extended pulping technology and generates a high amount of residual
lignin [8], which is characterized by ionizable groups as phenolic hydroxyl and sulfonic
acid added to the lignin structure [9]. Such additional groups result from treatment
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of lignocellulosic raw material with NaOH and Na2S, in an aqueous solution at high
temperature [10,11]. As an alternative process, lignin-rich residues may be generated from
the bioethanol production process, after biomass saccharification and fermentation [12].
In contrast with Kraft lignin, residual fraction after bioethanol production is composed
mostly by lignin but a certain contamination of carbohydrates may be also present, related
to non-hydrolysed cellulose during the saccharification [12].

As a result, given its availability as an industrial residue and the biodegradable
character of lignin, this polymer is a promising functional polymer that can be involved
in the development of novel sustainable and high added-value products. Among them,
this work will explore the use of lignin as emulsifier in the manufacture of bituminous
emulsions or, more interestingly, of emulsified asphalt rejuvenators. These products,
commonly used in road applications, may represent a significant reduction of emissions
(e.g., fumes and CO2) and energy consumption during asphalt recycling operations, both
widely demanded by pavement industry. Thus, the use of reclaimed or aged asphalt
pavement (RAP) increases the cost-effectiveness and the sustainability of new asphalt
mixes [13]. However, RAP rejuvenation is previously necessary due to the oxidative
aging of the binder. Hence, soft virgin bitumen or, more significantly, the use of bio-
rejuvenators and rejuvenators derived from waste recycling have been proposed due to
their performances and sustainability, since they are recycling products that present a safer
usage and, likely, more cost-efficient [13–15].

Lignin emulsification ability arises from its structure composed of a hydrophobic
backbone and hydrophilic chains, which can allow the interfacial tension between aqueous
and oil phases to be reduced. Therefore, lignin can stabilize emulsions by its adsorption in
the oil-water interface, causing electrostatic and steric repulsion between oil droplets [16].
To that end, native lignin must be dissolved in water at high pH, being as macromolecules
or in a polymeric form with negative net charge, i.e., as anionic surfactants, which are
expected to form the so-called anionic bituminous emulsions.

Cationic emulsions are commonly used in road applications, since their positive
droplet surface charge can be more easily destabilized by the most common “acidic”
type aggregates (negatively charged), e.g., those with high silica content. Consequently,
lignin needs to be modified by amination, turning it into modified cationic modified
lignin with protonable groups soluble in acidic media [17]. However, the use of native
lignins as anionic emulsifiers of rejuvenators may represent a promising, cheaper and more
sustainable alternative for road recycling that involves high rates of reclaimed asphalt
(RAP). Under such conditions, surface of RAP aggregates is mostly coated by aged bitumen,
which needs to be rejuvenated by emulsified additives. The non-polar character of the
aged bitumen may allow either the use of cationic or anionic emulsions [18].

With this aim, this work explores the use of three native lignins as anionic emulsifiers,
which are an abundant by-product of industrial processes such as bioethanol production
and alkali or kraft pulping. Their particular characteristics derived from their fractioning
method, along with their different molecular organization induced by the emulsification
pH, are expected to interact in diverse ways with the water-oil interface of the emulsion.
Initially model O/W emulsions of silicone oil, with a selected viscosity similar to that of the
bitumen during its emulsification, will be studied as a function of lignin source, disperse phase
concentration and emulsification pH. Once stablished the effect of such variables, emulsion
formulations of three potential bitumen rejuvenators (waste vegetable cooking oil, recycled
lubricating oil and a 160/220 penetration range soft bitumen) will be optimized.

2. Experimental
2.1. Materials

Three commercial lignins derived from Kraft pulping and bioethanol production
processes were used in this study. Kraft lignin (KL) was supplied by Sigma Aldrich
(Huelva, Spain), with low sulfonate content (4% sulphur) and an average molecular weight,
Mw~10,000. Bioethanol derived lignin-reach materials were provided by DONG Energy
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(Denmark), with two purification degrees. This process uses a hydrothermal pre-treatment
to open the cellulosic fibres followed by hydrolysis and fermentation to produce cellulosic
ethanol. Depending on processing steps a regular (EthL-1) and a more purified (EthL-2)
lignin are produced. As a result, EthL-1 contains 59% lignin, 20 wt.% carbohydrates and 7%
proteins, with an average Mw~6800, whereas the most purified, EthL-2, contains 68 wt.%
lignin, 19% carbohydrates and 9% proteins, with an average Mw~4600 [19].

Lignin emulsification ability was assessed using oils with different compositions
such as silicone oil (FS100 from Esquim S.A., Barcelona, Spain), referred to as SIL, waste
vegetable cooking oil (Biolia, Huelva, Spain), referred to as RVO, and a recycled mineral
lubricating oil (ECO-350 from Sertego S.L., Madrid, Spain), composed of 66.4% paraffinic,
27.9% naphthenic and 5.7% aromatic compounds, referred to as RLUB. All of them exhibited
low viscosity (below 100 mPa·s) at room temperature, which allowed us to easily reproduce,
at ambient conditions, bitumen viscosity during its emulsification at high temperature,
which is recommended to be lower than 200 mPa·s [20]. Additionally, a bitumen with a
penetration grade of 160-220 (Cepsa S.A., Madrid, Spain) was emulsified.

2.2. Methods

Emulsification was performed with a homogenizer IKA T25 (Germany) coupled to
a S25N–25F SK dispersion tool, at 20,000 rpm for 4 min. All studied oils were emulsified
at room temperature, whereas bitumen was blended with the aqueous phase (water and
surfactant) to prepare a premixture at 90 ◦C, prior to emulsification stage. Oil-in-water
emulsions with oil concentrations (O%) between 40 and 70 wt.% were studied, while
emulsifier concentration was fixed at 0.5 wt.%. Emulsification pH ranged from 9 to 13.

Rheological characterization was carried out by means of steady viscous flow tests
at 30 ◦C. Measurements were conducted in a controlled-stress Haake RS150 (Germany),
using a serrated plate-plate geometry PP35 (35 mm diameter, 1 mm gap) to avoid wall-
slip phenomena. Steady shear tests were performed in a controlled-strain mode, ranging
shear rate from 0.01 and 100 s−1. An equilibration time of 120 s guaranteed steady state
conditions at every selected shear rate.

Droplet surface charge was studied by Zeta potential tests, conducted in a Malvern
Panalytical Zetasizer (UK). Three measurements were performed for each sample and the
average value was reported. Emulsion droplet size distribution (DSD) was determined
by laser diffraction in a Malvern Panalytical Mastersizer 2000 (UK). Sauter (D3,2) and
De-Brouckere (D4,3) mean diameters were calculated as follows [21]:

D3,2 =
∑i nid3

i

∑i nid2
i

(1)

D4,3 =
∑i nid4

i

∑i nid3
i

(2)

where ni is the number of droplets with diameter di.

3. Results and Discussion
3.1. Model Silicone Emulsions: Effect of Disperse Phase Concentration

A first step in the manufacture of any O/W emulsion consists of surfactant dissolution
in an aqueous medium that forms the continuous phase of the emulsion. Regarding native
lignins, it is well known their solubility in water under alkaline conditions [22]. Thus, all
commercial lignin-based emulsifiers were dissolved at pH 13 for this part of the study,
which assesses the effect of oil concentration on emulsion microstructure and viscosity.

Given that all emulsions were formulated with the same surfactant content (0.5 wt.% S),
the effective concentration of lignin-based emulsifier in the continuous phase ranged from
0.83 wt.% S (in the emulsion with 40 wt.% O) up to 1.67 wt.% S, for the most concentrated
emulsion with 70 wt.% O. As may be seen in Figure 1A, a higher surfactant concentration
leads to an increase in the viscosity of the emulsion aqueous phase, more apparent for the
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most oil-concentrated emulsions. Interestingly, lignin products derived from bioethanol
process give rise to more viscous aqueous phases than Kraft lignin.
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Figure 1. Viscosity of the emulsion continuous phase as a function of: (A) selected oil concentration of emulsion prepared at
pH = 13; (B) emulsification pH for emulsions containing 65% O.

In this regard, Estigneev [23] stated the ratio of aliphatic/aromatic hydroxyl groups is
the main factor determining the solubility of lignins in alkaline aqueous solutions and, more
precisely, the amount of OH groups per aromatic ring. Likewise, Santos et al. [12] pointed
out that lignin derived from bioethanol is characterized by a lower phenolic hydroxyl
content than Kraft lignin. A higher amount of polar aromatic hydroxyl groups would limit
the lignin agglomeration [22,24], and would be related to the lower viscosity exhibited by
Kraft lignin solutions at high concentration (Figure 1A).

All lignin-based surfactants were able to emulsify silicone oil between 40 and 70 wt.% O
at pH 13. Most emulsions showed a wide bimodal droplet size distribution (DSD), with a first
peak of smaller height located at ca. 4 µm and a second main peak at around 20 µm (Figure 2).

However, as oil concentration increases the height of first peak decreases in emulsions
stabilized by bioethanol-based lignins (Figure 2A) and, eventually, disappears for the
most concentrated system stabilized by Kraft lignin (Figure 2B). Furthermore, second peak
slightly shifts towards smaller diameters.

As oil concentration increases, the higher number of droplets along with the narrower
DSD are expected to rise droplet-droplet interactions, leading to more viscous systems and
with an apparent non-Newtonian character, as confirmed by Figure 3.

When the viscous response is plotted in the form of shear stress-versus-shear rate
in log–log scale, a plateau region at intermediate shear rates is observed, which can be
related to so-called apparent yield stress. This parameter will be used to study the effect
of formulation on emulsion microstructure and stability. The Herschel-Bulkley model
describes observed non-Newtonian flow behaviour fairly well:

σ = σo + k
.
γ

n (3)

being σo the apparent yield stress, k the consistency index and n the flow index.
Table 1 gathers the values of Herschel-Bulkley parameters calculated for silicone emulsions
prepared with different oil concentrations.
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Figure 2. Effect of silicone oil concentration on droplet size distribution of emulsions stabilized by
0.5 wt.% bioethanol (A) or Kraft lignin (B) at pH = 13, after one week storage.

As may be seen, regardless of the oil concentration or lignin emulsifier considered,
all n values are below 1, which evidences the shear-thinning behaviour of these systems.
Such a viscous behaviour (characterized by a decrease of emulsion viscosity with shear
rate) has been related to droplet deformation, shear-induced deflocculation and/or the
non-Newtonian behaviour of the dispersed phase [25,26].

Given the range of shear rates studied and the Newtonian behaviour exhibited by the
continuous phases shown in Figure 1, the observed shear thinning behaviour should be
mainly attributed to a shear-induced deflocculation of the emulsion [27,28]. As expected,
an increase in oil concentration leads to more viscous emulsions and with higher yields
stress values (Figures 3 and 4B). However, if emulsions with the same concentration of
disperse phase are compared, emulsions stabilized with bioethanol-derived emulsifiers
show higher yield stress values than emulsions stabilized by KL, despite kraft lignin leads
to smaller Sauter (D3,2) (up to 65% O) and De-Brouckere (D4,3) mean diameters (Figure 4B).
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Figure 3. Effect of silicone oil concentration on viscous behaviour of emulsions stabilized by 0.5 wt.%
bioethanol (A) or Kraft lignin (B) at pH = 13, after one week storage.

Table 1. Effect of oil concentration and lignin source on silicone emulsion viscous behaviour fitted to
Herschel-Bulkley model. All emulsions were formulated at pH = 13 and measured after one week
storage time.

Viscous Model
Parameters

EthL-1
70% O

EthL-1
65% O

EthL-1
60% O

EthL-1
50% O

EthL-1
40% O

σo 10.05 6.02 2.4 0.90 0.56

K 25.16 0.30 0.13 0.10 0.07

n 0.35 0.79 0.82 0.64 0.58

Viscous Model
Parameters

EthL-2
70% O

EthL-2
65% O

EthL-2
60% O

EthL-2
50% O

EthL-2
40% O

σo 4.65 4.30 2.70 0.77 0.5

K 14.9 0.33 0.17 0.04 0.04

n 0.31 0.74 0.80 0.81 0.75

Viscous Model
Parameters

KL
70% O

KL
65% O

KL
60% O

KL
50% O

KL
40% O

σo 2.25 1.11 0.115 0.071 0.04

K 9.75 0.55 0.09 0.04 0.03

n 0.35 0.80 0.79 0.84 0.77
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Figure 4. Effect of silicone oil concentration on emulsions parameters: (A) Sauter, D3,2 and volumetric,
D4,3, mean diameters; and (B) yield stress values determined from Herschel-Bulkley model. All
emulsions were emulsified at pH 13, stabilized by 0.5 wt.% lignin and stored for 1 week.

Initially, such smaller particle sizes should increase emulsion viscosity, due to the
increase in specific surface area undergone by its disperse phase [27]. Nevertheless, droplet-
droplet flocculation due to entanglements among emulsifier biomolecules seems to control
rheological response of these systems. As a result, although KL shows a better emulsifica-
tion ability at pH 13 (i.e., leading to smaller droplet size), bioethanol-derived lignins are
able to form a more developed microstructure of flocculated droplets, which collapses a
higher stress values (yield stress) (Figure 4A). Such a flocculated microstructure would be
extended forming a three-dimensional network, which would contribute to emulsion stabil-
ity, as it will discussed later. In this regard, it is worth noting that yield stress results are in
good agreement with viscosities measured in Figure 1, suggesting that the microstructure
formed by lignins in the continuous phase of the emulsion would play a significant role in
its stability and rheology.

In any case, all emulsions formulated at pH 13 exhibit similar Z-potential values
around −40 mV (Table 2), confirming the negative charge of the lignin stabilizing droplet
interface and the anionic character of the emulsions formed.

Table 2. Effect of formulation on emulsion storage stability, Z potential values (ζ) and Herschel-Bulkley model parameters.
Measurements were performed after 7 days storage.

Oil Surfactant Oil wt.% pH Minimum Storage
Stability (Days) σo (Pa) k (Pa sn) n (−) ζ (mV)

SIL KL 65 9 30 0.09 0.07 0.89 –36.7
SIL KL 65 11 30 1.11 0.36 0.88 –56.8
SIL KL 65 13 30 1.11 0.55 0.80 –45.8
SIL EthL-1 65 13 30 6.02 0.29 0.79 –42.2
SIL EthL-2 65 13 30 4.30 0.32 0.74 –46.4

VGO KL 65 9 30 1.82 0.33 0.78 –12.7
VGO KL 65 11 30 1.66 0.15 0.93 –22.2
VGO KL 65 13 30 0.65 0.25 0.73 –39.7
VGO EthL-1 65 13 30 0.72 0.22 0.80 –46.0
VGO EthL-2 65 13 30 0.86 0.33 0.74 –47.3
RLUB KL 65 9 30 2.03 4.99 0.48 –6.8
RLUB KL 65 11 30 4.06 3.92 0.52 –36.7
RLUB KL 65 13 7 - - - –42.2
RLUB EthL-1 65 13 30 5.11 0.23 0.86 –36.5
RLUB EthL-2 65 13 30 2.62 0.56 0.69 –42.7

Bitumen KL 65 9 7 - - - –29.8
Bitumen KL 65 11 30 0.30 0.14 0.82 –28.1
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3.2. Model Silicone Emulsions: Effect of pH

The effect of pH on the viscosity of the emulsion continuous phase, for a selected oil
concentration of 65 wt.%, is shown in Figure 1B. Aqueous phases of both lignin-based
surfactants derived from bioethanol process showed higher viscosity than Kraft lignin
solution at pH between 9 and 11, being more apparent the difference as pH is lower.
However, only EthL-1 solution underwent a significant increase in viscosity as pH became
less alkaline, whilst viscosity of KL and EthL-2 solutions hardly changed with pH. Observed
viscosity changes may be related to different agglomeration behaviours. At high pH values,
carboxyl as well as aromatic hydroxyl groups are deprotonated in Kraft lignin, and resultant
repulsive Coulomb forces would lead to a better solubility and therefore, to a lower polymer
aggregation and viscosity [22].

On the other hand, lining agglomeration is also due to intermolecular hydrogen bonds
(formed by aliphatic and aromatic hydroxyl groups) and π–π interactions [22]. Aliphatic
hydroxyl groups are able to form stronger hydrogen bonds than aromatic hydroxyls,
thus agglomeration behaviour is expected to be more important in bioethanol-derived
lignin, characterized by a lower phenolic hydroxyl content than KL [24]. In addition,
Maitz et al. [22] pointed out that the π–π stacking effects increase with increasing number
of methoxyl groups. When comparing EthL-1 to the more purified EthL-2 [19], this washed
sample is expected to be partially demethylated and with a higher amount of polar aromatic
hydroxyl groups which, in contrast to methoxyl groups, make more difficult π–π stacking
and limit the agglomeration [22,24]. Therefore, its viscosity would be less affected by a pH
decrease due to a less extended aggregation, as suggested by Figure 1B.

As a result, both bioethanol lignins would be more aggregated than KL, particularly
at lower pH, as may be deduced from Figure 1. This fact seems to affect their functional
properties as emulsifiers. Thus, in contrast with results obtained at pH 13, bioethanol-
derived lignins were not capable of stabilizing emulsions with 65 wt.% oil at pH 9 and 11,
at least, for one week.

Conversely, KL emulsifier stabilized silicone oil emulsions in the whole pH range
tested (Figure 5). Showing monomodal DSD at pH 9 and 11 (Figure 5A) and lower mean
particle sizes as medium alkalinity is raised. Specially, D3,2 significantly drops at pH 13
(Figure 5B).
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Figure 5. Droplet size distribution (A) and characteristic mean diameters (B) of silicone oil emulsions stabilized by Kraft
lignin as function of pH. All emulsions were formulated with 65 wt.% O, stabilized by 0.5 wt.% lignin and measured after 1
week storage.

As may be seen in Table 2, all KL emulsions present negative values of Z-potential,
higher at pH 13. At this pH, the highest zeta potential of KL stabilized emulsions would
result from lignin deprotonated carboxylic, phenolic hydroxyl and acid sulfonic groups [9].
Under conditions less alkaline, in addition to carboxylic groups, sulfonic groups would
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contribute to the slightly lower zeta potential recorded at pH < 11 (Table 2), which would
remain ionized at pH 11 and 9 due to their low pKa ≤ 2 [22,29–31]. This fact, in contrast
with bioethanol-derived lignins, would allow stable emulsions to be obtained in the whole
pH range tested, although emulsion rheology is affected at lower pH. All pH values
studied led to shear-thinning behaviours that can be fitted to the Herschel-Bulkley model
(Figure 6A), i.e., showing an apparent yield stress and n values below 1. However, emulsion
bulk viscosity (and yield stress) at pH 9 significantly decreases if compared with more
alkaline pH values (Figure 6B).

3.3. Emulsification of Bitumen Rejuvenators

Previous results obtained with O/W silicone model emulsions have pointed out all
lignin-based surfactants present good functional properties as emulsifiers at pH 13 in a wide
range of oil concentrations. On the contrary, only Kraft lignin extends its emulsification
ability towards the lower pHs values of 11 a 9. Subsequently, considering these results,
lignins were tested as emulsifiers of bitumen rejuvenators such as a waste vegetable oil
(RVO), a recycled lubricant (RLUB) or a soft bitumen (160/220 penetration range).
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As seen with silicone oil, bioethanol-derived lignins exhibited a limited ability of
emulsion stabilization, being only able to emulsify waste oils RVO and RLUB only at
pH 13 (Figure 7A).

Furthermore, all bitumen emulsions stabilized by these lignins became unstable no
matter pH considered. However, Kraft lignin was able to emulsify RVO and RLBU emul-
sions at pH values between 9 and 13, but the stability of RLBU emulsion was poorer at
pH 13 (less than 30 days storage, as seen in Table 2). Likewise, stable bitumen emul-
sions were obtained only at pH 9 and 11 (Figure 7B, Table 2). All emulsions showed a
wide DSD (Figure 7), where main peaks of RVO systems are located at lower diameters
(at ca. 5 µm), while bitumen emulsions formulated showed the highest particle sizes. All
emulsion presented negative values of Z-potential (negatively charged anionic emulsions)
that decreased as pH was less alkaline (Table 2). Initially, a less charged lignin seems to
favour emulsification of the less polar rejuvenators, bitumen and RLUB.

As found for silicone systems, rejuvenator emulsions exhibited a shear thinning be-
haviour with a trend to reach an apparent yield stress at intermediate shear rates in the log-log
curve of shear stress, which has been fitted to the Herschel-Bulkley model (Figure 8).
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Figure 8. Effect of emulsification pH on the flow behaviour of bitumen emulsions stabilized by Kraft lignin after 1 week
storage at pH 9 (A) and 11 (B).

As may be seen, in contrast with recycled oils RVO and RLUB, pH mainly affects
viscosity of bitumen emulsions, being emulsions formulated at pH 9 more viscous than that
formulated at pH 11. In any case, RVO and RLUB lead to emulsions with higher viscosity
than bitumen. This result is in good agreement with D3,2 value displayed in Figure 9A,
where RVO and RLUB present the lower values of this mean diameter.

On the other hand, viscous and DSD combined results may be used for selecting
best surfactants for every rejuvenator studied (Figure 9). Thus, although most emulsions
exhibited a storage stability of at least 30 days, some emulsions formulated with KL and
RLUB at pH 13 or with bitumen at pH 9, showed a shorter stability (Table 2). Both systems
are characterized by large particle sizes along with low yield stress values (Figure 9), both
factors would not prevent droplet motion, and an eventual phase separation. Conversely,
lower particle size and higher yield stress values were found for both bioethanol-derived
lignins emulsifying RVO and RLUB at pH 13, which are expected to exhibit enhanced
stability. Figure 10 seems to confirm this assumption, since these systems hardly change
their particle size with time. Regarding bitumen emulsions, best results are achieved with
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KL at pH 11, although lignin emulsions are characterized by high D3,2 and low σo values.
Among all system studied, this emulsion undergoes the largest increase in particle size
along storage time (Figure 10).
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Figure 9. Sauter mean diameters (A) and yield stress values (B) of emulsions stabilized by bioethanol-derived and Kraft
lignins formulated at different pH and stored for one week.
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4. Concluding Remarks

Three native lignins have been assessed as emulsifiers of oil-in-water emulsion of
three potential bitumen rejuvenators (waste vegetable cooking oil, recycled lubricating oil
and 160/220 penetration range soft bitumen). Selected lignins are abundant by-products of
industrial processes such as bioethanol production and alkali or Kraft pulping. Previously,
lignin emulsification ability has been studied in model silicone emulsions as a function of
disperse phase concentration and emulsification pH.

All lignin-based surfactants were able to emulsify silicone oil between 40 and 70 wt.%
O at pH 13, giving rise to anionic emulsions with Z-potential values around −40 mV. Most
resultant emulsions showed a wide bimodal droplet size distribution and a non-Newtonian
viscous character, with shear thinning behaviour and an apparent yield stress. Thus,
the observed viscous behaviour has been fitted to the Herschel-Bulkley model. Droplet-
droplet flocculation due to entanglements among emulsifier biomolecules seems to control
rheological response of these systems. Such an extended flocculated microstructure would
contribute to emulsion stability.
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Differences among lignins appear when a less alkaline pH is used during emulsifi-
cation. Bioethanol-derived lignins are not able to stabilize emulsions with 65 wt.% oil at
pH 9 and 11, for at least one week. Conversely, KL emulsifier stabilized silicone oil emul-
sions in the whole pH range tested. In this regard, different agglomeration behaviours have
been observed depending on the fractioning method, where bioethanol-derived lignins
would tend to aggregate more than Kraft lignin, particularly at lower pH. The expected
higher phenolic hydroxyl content in KL, along with the presence of other deprotonated
carboxylic and sulfonic groups, would prevent lignin aggregation and extend surfactant
functional properties over a wider pH range, from 9 to 13.

Similarly, lignin emulsification ability of bitumen rejuvenators depends on surfactant
source and pH, but now characteristics of the dispersed phase must be also taken into
consideration. Bioethanol-derived lignins exhibited a limited ability of emulsion stabi-
lization, being only capable of emulsifying waste oils RVO and RLUB at pH 13. On the
contrary Kraft lignin was capable of emulsifying RVO and RLBU emulsions at pH values
between 9 and 13. Likewise, stable bitumen emulsions were obtained only at pH 9 and 11.
In this regard, the lower Z-potential values shown by KL at pH 9 and 11 seem to facilitate
emulsification of the less polar disperse phases formed by RLUB and bitumen.

In any case, lower particle size and higher yield stress values were found for both
bioethanol-derived lignins emulsifying RVO and RLUB at pH 13, which are expected to
exhibit a longer stability.

Finally, although this work focuses its application on the important road paving in-
dustry, other possible applications could add value to this waste biopolymer as anionic
surfactant for cleaning, food, personal care, cosmetic, paint, biomedical, chemical, agricul-
tural and pharmaceutical industry, among others [29]. In this regard, it is worth noting
that 100 million tons of lignin are produced annually (including bioethanol, Kraft, sulphite,
soda, organosolv processes, among others), but less than 2% is used in commercial products
with higher added value [6,29].
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Abstract: This study reports microwave assisted physically cross-linked sodium alginate and pectin
film and their testing in combination with modified chitosan-curcumin nanoparticles for skin tis-
sue regeneration following 2nd degree burn wound. Film was formulated by solution casting
method and physically cross-linked using microwave irradiation at frequency of 2450 MHz, power
750 Watt for different time intervals for optimization. The optimized formulation was analyzed
for various physiochemical attributes. Afterwards, the optimized film and optimized modified
chitosan-curcumin nanoparticles were tested in combination for skin regeneration potential fol-
lowing burn wound in vivo and skin samples extracted and tested for different attributes. The
results indicated that the optimized film formulation (5 min microwave treatment) physicochemical
attributes significantly enhanced addressing the properties required of a wound healing platform.
The vibrational analysis indicated that the optimized film experienced significant rigidification of
hydrophilic domains while the hydrophobic domains underwent significant fluidization which also
resulted in significant increase in the transition temperatures and system enthalpies of both polymer
moieties with microwave treatment. The combined film and nanoparticles application significantly
increased protein content in the wounds which were evident from higher absorbance ratios of
amide-I and amide-II (2.15 ± 0.001), significantly higher melting transition temperature and enthalpy
(∆T = 167.2 ± 15.4 ◦C, ∆H = 510.7 ± 20.1 J/g) and higher tensile strength (14.65 ± 0.8 MPa) with
significantly enhanced percent re-epithelization (99.9934 ± 2.56) in comparison to other treatments.
The combined application of film and nanoparticles may prove to be a new novel treatment strategy
for 2nd degree burn wound healing.

Keywords: burn wound healing; polymeric film; microwave; nanoparticles-film combined application

1. Introduction

As the largest human organ, skin is often prone to easy damage thus compromising
the barrier properties and enabling exogenous pathogens to infiltrate the wound and
complicating the wound as well as delaying the wound healing process [1]. Burn wound
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treatment is still a challenge for biomedical scientists since they also leave behind scars
which drastically compromise the psychological wellbeing of the patient. As per WHO
statistics, a total of 11 million burn cases happen globally each year, of which 180,000 cases
are fatal [2]. The skin tissue engineering is a prospective source of advanced therapy which
is extensively studied these days to combat acute and chronic skin injuries [3]. It involves
development of platforms with ability to either replace the entire tissue and/or help in
creating suitable cell environment which help in restoring the normal function of the dam-
aged tissue [4]. Some of the epidermal [5], dermal [6] and epidermal/dermal composite [7]
skin substitute had already been marketed, but their high cost is the major hindrance for
patients from a developing country like Pakistan. Thus, it is always imperative to look for
an alternative treatment protocol to treat burn injuries.

Polymeric films have long been utilized as a wound healing platform for skin tissue
regeneration applications [8] and various polymers has thus been used for this purpose [9–13].
Films are not only easy to prepare, but also their physicochemical properties can easily be
modified to address the properties required of an ideal wound healing platform [14–17].

Sodium alginate and pectin are two natural polysaccharide polymers and due to
their inherent biocompatibility, biodegradability, nontoxicity and non-immunogenicity,
serve as an ideal candidates for fabricating wound healing platforms [18].They have
long been employed in fabricating controlled drug delivery systems [19,20], for cellular
encapsulation [21], as an immune stimulatory agent [22], in cosmetics [23], as scaffold
in tissue engineering [24], wound dressing material [25], fabrication of bandages [26],
as a disintegrating agent in tablets [27], bone regeneration scaffolds [24], as a dental
impression material [28] and soft tissue engineering [29], for enhanced absorption of
wound exudates [30], and as a protective barrier against bacterial infection [31]. For
synergistic wound healing effect, alginate and pectin had also been employed as a blend
with good physicochemical properties [32], were found to be noncytotoxic [33] and promote
skin regeneration [34]. The simple mixing of polymers is often not enough to address the
demerits associated with lone use of either polymer, thus cross linking using chemical cross
linkers is often employed [32,35].

Physical cross linking using microwave represents a feasible cross-linking technique
which is devoid of demerits associated with use of chemical cross linkers [36]. Microwave,
an electromagnetic wave with frequencies in the range of 300 MHz to 300 GHz has numer-
ous biomedical [37–43] and pharmaceutical applications [44–51], as well as applications in
food processing [52]. Keeping in view the ability of microwave to affect the macromolec-
ular rearrangement via hydrogen bonding, electrostatic interaction and/or hydrophobic
interactions, it is envisaged that the physically cross-linked sodium alginate and pectin
blend films using microwave may enhance their physicochemical properties thus making
them best suited for wound healing applications. Thus, the objective of this study was to
investigate the microwave enabled physically cross-linked polymer blend films alone and
in combination with modified-chitosan curcumin nanoparticles to facilitate skin tissue re-
generation following 2nd degree burn wound in animals. The modified-chitosan curcumin
nanoparticles portion of our project is published earlier [53].

2. Materials and Methods
2.1. Chemicals

Sodium alginate (Sigma Aldrich, St. Louis, MO, USA) and pectin (Sigma Aldrich, St.
Louis, MO, USA) were used for film preparation. Monobasic potassium phosphate (Sigma
Aldrich, St. Louis, MO, USA), disodium hydrogen orthophosphate (Merck, Darmstadt,
Germany), hydrochloric acid (Merck, Darmstadt, Germany), Tween80 and Glycerol were
graciously supplied by Biolabs, Islamabad, Pakistan. All chemicals were used without any
further purification.
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2.2. Film Formulation

The film formulations were prepared using solution casting method. Briefly, an
accurately weighed 2 g each of sodium alginate and pectin were dispersed separately in
93.9 g distilled water under continuous magnetic stirring. Following complete dissolution,
0.1% tween 80 and 2% glycerol were added and mixed thoroughly. Both the polymer
solutions were mixed in another beaker in ratio of 1:1 and again stirred thoroughly till
complete homogenization. Accurately weighed 50 g bubble free polymer mixture solution
was poured into a glass petri dishes (diameter 8.5 cm, area 56.75 cm2) and placed in
an oven (DO-100NG, SH Scientific, Daejeon, Korea) at 40 ± 2 ◦C till complete drying.
When required, the polymer mixture solution in a petri dish was subjected to microwave
treatment at frequency of 2450 MHz at power of 750 Watt with varying treatment time
for the purpose of optimization followed by incubation in oven for drying. The dried
films were peeled off from the petri dishes, cut into specific dimensions (25 mm diameter)
and stored in desiccator till subjection to physicochemical characterization tests described
below. The formulations are given in Table 1.

Table 1. Different formulations of sodium alginate pectin blend film that were microwave treated.

Formulation Sodium
Alginate (w/w) Pectin (w/w) Glycerol

(2%, w/w)
Tween-80
(0.1%w/w)

Distilled Water
(w/w)

Microwave
Treatment Time

(Min)

Untreated 2 g 2 g 2 g 0.1 g 93.9 g 0

1 min 2 g 2 g 2 g 0.1 g 93.9 g 1

3 min 2 g 2 g 2 g 0.1 g 93.9 g 3

5 min 2 g 2 g 2 g 0.1 g 93.9 g 5

2.3. Moisture Adsorption

The moisture adsorption test was performed using an already reported method [54].
Briefly, the dried film samples with known dimensions (25 mm) were placed in a desiccator
prefilled with calcium sulphate and incubated for 48 h (at RH of 0%), then their dried weight
(W) was determined. Subsequently, the same samples were then transferred into another
desiccator prefilled with saturated solution of potassium sulphate and incubated again for
the next 48 h (at RH of 97%) enabling them to maximally absorb moisture. The samples
were removed and weighed again individually to determine their moist weight (W0). The
percent moisture adsorption was then calculated using the following relation [13].

MA (%) =
W0 − W

W
× 100 (1)

The experiment was repeated at least three times for each film and results averaged.

2.4. Water Vapor Transmission (WVTR) and Vapor Permeability Rate (WVP)

The WVTR and WVP of the films were determined using the ASTM method (ASTM
E96-93, 1993) with some modifications. Briefly, the film samples were cut into dimensions
of 33 mm and tightly placed onto the neck of glass bottle prefilled with saturated solution
of potassium sulphate for providing virtual relative humidity of 97%. The bottles were
placed in a desiccator containing anhydrous calcium sulphate to maintain relative humidity
of 0%. The desiccator containing the bottle was then transferred into an oven maintained at
25 ± 1 ◦C. Each bottle was individually weighed at time interval of 1 h for total of 12 h and
the water vapor transmission rate across the film was calculated from the weight loss of the
bottle. The average weight change as a function of time was plotted and slope determined
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from the linear regression of the curve. The experiment was repeated six times and results
averaged. The WVTR and WVP were estimated from following equations [13].

WVTR =
Slope

Film area
(2)

where slope is the slope of the graph of calculated from the weight loss vs. time curve and
film area was 0.000903 m2.

WVP =
WVTR × T

∆P
(3)

where T is the mean film thickness (mm); ∆P is the partial water vapor pressure difference
(mmHg) across the two sides of the film specimen (the partial vapor pressure of water at
25 ◦C = 23.73 mmHg).

2.5. Erosion and Water Uptake

An accurately weighed (initial weight Wi) and known dimension (25 mm) of the film
samples were placed in a petri-dish containing 20 mL phosphate buffer pH 7.4 simulating
the pH of the wound bed conditions and incubated in an oven (BOV 50V, Biobase, Jinan,
China) at 37 ◦C ± 0.2 ◦C for a duration of 30 min. At specific time intervals, film samples
were removed from buffer solution and blot dried by gently sliding them on the surface of
the petri dish to remove adhered moisture and weighed (Wt). Afterwards, the same film
samples were placed in an oven at 40 ± 0.2 ◦C for at least 5 days. The dried films were then
transferred to a desiccator maintained at 25 ◦C, enabling the films to achieve a constant
weight and weighed again (Wd). The percent erosion (E) and percent water uptake (WU)
were calculated using the following equation [13].

E (%) =
Wi − Wt

Wi
× 100 (4)

WU (%) =
Wt − Wd

Wd
× 100 (5)

The test was performed for each sample in triplicate and results averaged.

2.6. Tensile Strength

The mechanical strength of films was determined under room conditions of tempera-
ture and relative humidity using Universal testing machine (Testometrics, Rochdale, UK).
The film samples were cut into strips, 7.5 cm in length and 3.5 cm in width, and fixed
between the jaws of the machine. The initial grip separation and cross-head speed were
set to 50 mm and 5 mm/min, respectively. Sample was pulled with 50 N loads. The
maximum force to break the film was recorded. The experiment was repeated three times
and results averaged.

2.7. Vibrational Spectroscopic Analysis

The characteristics peaks of the dried polymeric films were recorded by an ATR-FTIR
spectrophotometer (UATR TWO, Perkin Elmer, Buckinghamshire, UK). Each film and/or
powdered polymer was placed on the surface of the diamond crystal and clamped to
ensure close contact and high sensitivity. All the samples were scanned over wave number
range of 400 to 4000 cm−1 with an acquisition time of 2 min. Each sample was analyzed
three times and results averaged.

2.8. Thermal Analysis

The changes in the transition temperature of the polymeric film were recorded via
differential scanning calorimetry (PerkinElmer Thermal Analysis, Waltham, MA, USA). An
accurately weighed 4 to 6 mg of the polymeric film was sealed in standard aluminum pan
and heated from 0 to 300 ◦C under continuous flow of nitrogen gas at rate of 40 mL/min.
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The characteristic peak temperature and enthalpy of the system were recorded. Each
sample was analyzed three times and results averaged.

2.9. Morphology

Surface morphology of the films was analyzed using ultra-high resolution field emis-
sion scanning electron microscope (UHR-FESEM, MERLINN/344999-9001-030, Zeiss, Ger-
many). The films were mounted onto stubs (12 mm diameter) using double-sided adhesive
carbon tape. The films were then sputter coated with gold for 5 min (QUORUM Sputter
Coater Q150R S, Quorum, UK) before placing in the chamber of the microscope and images
acquired using SmartTiff software. Images were taken at magnification power of 100×,
500×, 1000×, 2000× and 3000×.

2.10. In Vivo Wound Healing

Healthy male Sprague Dawley rats (age of 3 months, weighing 220–250 g) were used
for in vivo wound healing studies. For this purpose, rats were acclimatized for 7 days
with free access to food and water under temperature conditions of 25 ± 2 ◦C and relative
humidity at 65 ± 5%. Prior to wound infliction, all animals were kept on fasting for 24 h
and were then randomly divided into four groups: untreated group, film, nanoparticles and
film-nanoparticles combined group with a total of 8 animals per group. All animals were
anesthetized by intra-muscular injection of ketamin (100 mg/kg) and xylazine (10 mg/kg)
mixture followed by shaving of the back hairs with sharp blade, cleansed by ethanol swab
and area marked followed by infliction of 2nd degree burn wound. An already reported
method was used for 2nd degree burn wound infliction [55]. Briefly, contact partial
thickness wound was inflicted in each animal on shaved dorsal region using deionized
water preheated to 65 ± 5 ◦C through adhering a plastic tube (internal diameter 14.4 mm,
external diameter 16.5 mm) on shaved region using UHU gum followed by addition
of 6 mL of preheated water into it and kept for 1 min in 9 repetitive cycles. Following
wound infliction, the formulations were applied onto the wounded area with the aid of
standard gauze and 3 M adhesive tape. The untreated animal group received only standard
gauze application. The treatment group (nanoparticles, film, film-nanoparticles combined)
received either 120 mg nanoparticles application alone, or optimized film application alone
or nanoparticles application followed by covering the wounded area with optimized film.
The treatments were applied on daily basis and dressing changed accordingly till complete
healing of the wound. When required, animals were sacrificed by cervical dislocation on
day 14 and skin containing the wound surgically excised, washed with normal saline and
stored at −20 ◦C till further use. All animal experimentation was conducted in accordance
with the institutional ethics regulations adapting the international guidelines (OECD
Environment, Health and Safety). The study protocol was approved by the institutional
ethical review board vide reference No. 503/QEC/GU of the Gomal University Pakistan.

2.11. Wound Morphology

The surface morphology of the wound was recorded using a digital camera (Canon
D5100, Tokyo, Japan) from a fixed distance and angle in the absence of formulation and/or
gauze at intervals of day 0, day 2, day 7, day 10, day 14 and day 18. The size of the wound
was determined by analyzing the photographs using Image J software (version.1.53h) and
the percent re-epithelization determined using the following equation.

Reepithelization (%) =
(Wound size at t = 0) − (Wound size at t)

Wound size at t = 0
× 100 (6)

where the wound size was an average measurement from the longest and shortest dimen-
sions of the wounded area.
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2.12. Skin Histology

The newly regenerated skin tissue containing the wound was subjected to histological
examination. For this purpose, the stored skin samples were thawed at room temperature
for 3 h followed by fixation in 10% formalin aqueous solution for 3 days under ambient
conditions and then preceded by trimming of skin samples, washed with normal saline
and dehydrated in ethanol. The dehydrated skin samples were cleansed using xylene and
embedded in paraffin wax. Sections of 5 µm thickness were prepared using a microtome
(HM-340E, Microm Inc., Boise, ID, USA) and subjected to H&E (hematoxylin and eosin)
and Masson’s trichrome separately. The slides were viewed, and respective sections
photographed using an inverted microscope fitted with a camera (HDCCE—X5N).

2.13. Vibrational and Thermal Analysis of Skin

The vibrational spectra of dermal layer of the untreated as well as treated animal
groups skin samples were recorded at a resolution of 16 cm−1 over a wave number range
of 400 to 4000 cm−1 with an acquisition time of 2 min using ATR-FTIR (UATR TWO, Perkin
Elmer, Buckinghamshire, UK). The corresponding ATR-FTIR spectra were compared to
estimate extent of collagen deposition. For this purpose, the corresponding absorbance of
amide-I and amide-II were recorded which originates from the protein contents of the skin.
The ratio of absorbance of treated group to control group was used as a novel technique to
estimate the extent of collagen and/or protein deposition. Each sample was analyzed three
time and results averaged.

The skin samples containing wound were also subjected to thermal analysis using
DSC, (Perkin Elmer, Thermal Analysis, Boston, MA, USA) for the purpose of estimating
changes induced in the lipidic and proteinous domains of skin with various treatments
applied in comparison to control skin samples. Briefly, an accurately weighed 3 mg of
the full thickness skin containing wound was carefully trimmed and sealed in standard
aluminum pan followed by subjection to thermal analysis in temperature range of 30 to
180 ◦C at a heating rate of 10 ◦C/min under continuous pulse of nitrogen gas at flow rate
of 40 mL/min. The melting temperature (∆T) and enthalpy (∆H) corresponding to lipidic
and proteinous domains were recorded. Each sample was analyzed at least three times
and results averaged.

2.14. Tensile Strength of Skin Samples

The excised skin samples were trimmed into strips of 5 cm length and 2.5 cm width
and subjected to tensile strength measurement (Testometric M-500, Rochdale, UK). The
strips were affixed between the upper and lower jaw of the tensiometer and uniaxially
pulled at test speed of 5 mm/s and withdrawal speed of 10 mm/s respectively using load
of 30 kg. The maximum force required to break the skin samples and break point was
recorded. Each skin sample was examined three times and results averaged.

2.15. Statistical Analysis

All values are expressed as a mean of three readings with respective standard devia-
tion. Student’s t-test and/or analysis of variance (ANOVA) followed by post-hoc analysis
was used with the level of significance set at p < 0.05.

3. Results
3.1. Moisture Adsorption

The efficient moisture adsorption ability of film helps remove wound exudates from
the wound bed which not only helps in wound debridement but also keeps the wound
moist which is detrimental for fast skin regeneration [56]. Furthermore, a wet microenvi-
ronment also ensures fewer aberrations and the least scar formation [57,58]. The moisture
adsorption results of untreated and microwave-treated sodium alginate and pectin blended
films are shown in Figure 1. The moisture adsorption capacity of film is directly related to
microwave treatment time, where significantly higher moisture (Student’s t-test, p < 0.05)
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adsorption was observed with blend treated for 5 min in comparison to untreated as well
as 1 min and 3 min treated film, respectively.
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Figure 1. Percent moisture adsorption of various blend films.

3.2. Water Vapor Transmission Rate (WVTR) and Water Vapor Permeability (WVP)

The water vapor transmission and water vapor permeability potential are important
physical characteristics of a polymeric film where reduced water loss from the wound bed
into the external environment is of pivotal importance in facilitating the wound healing
process [59]. The water vapor transmission and water vapor permeability results are shown
in Table 2. It is evident from the results that the microwave treatment induced a significant
increase (Student’s t-test, p < 0.05) in the WVTR and WVP in comparison to untreated
blend film.

Table 2. WVTR and WVP results of different formulations.

Formulation Film Thickness
(mm) WVTR (g/m2h)

WVP
(g mm/h·m2)

Untreated blend 0.22 ± 0.03 180 ± 1.8 0.152 ± 0.06

1 min treated blend 0.18 ± 0.02 240 ± 0.6 0.164 ± 0.02

3 min treated blend 0.19 ± 0.03 256 ± 0.6 0.177 ± 0.03

5 min treated blend 0.20 ± 0.03 276 ± 0.5 0.191 ± 0.02

3.3. Erosion and Water Uptake

The percent erosion and water uptake govern the fate of wound healing platform upon
application to moist wounds. The percent erosion and water uptake results of untreated
and microwave-treated film formulations are given in Figure 2. The untreated blend film
eroded at a significantly faster rate (Student’s t-test, p < 0.05, Figure 2a) within 20 min of
the immersion in phosphate buffer saline where it rapidly swelled and eroded because
polymer hydrophilicity where chain relaxation proceeded quickly resulted in the loss
of its structural integrity, and ultimately dissolution in the media [60], in comparison to
microwave-treated blend film formulations where a significant reduction (Student’s t-test,
p < 0.05, Figure 2a) in the ability of blend erosion was observed. The water uptake results of
the untreated and microwave-treated blend films are given in Figure 2b. A slight, though
insignificant (ANOVA, p > 0.05), rise in the water uptake capacity of the microwave-treated
blend film for 5 min was observed in comparison to untreated as well as 1 min and 3 min
treated film formulations.
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Figure 2. (a) Percent erosion; (b) water uptake of blend films.

3.4. Tensile Strength

The tensile strength results of the various film formulations are shown in Table 3.
Microwave treatment resulted a gradual increase in the tensile strength in comparison to
untreated formulation where a significant rise (Student’s t-test, p < 0.05) was observed for
formulation with 5 min microwave treatment.

Table 3. Mechanical properties of various film formulations.

Formulation Tensile Strength
(Mpa)

Elongation Break
(%)

Elastic Modulus
(Mpa)

Untreated blend 2.34 ± 0.24 40.02 ± 5.52 9.39 ± 12.50

1 min treated blend 5.21 ± 0.41 43.34 ± 2.98 60.28 ± 15.55

3 min treated blend 7.88 ± 0.04 50.01 ± 4.71 79.99 ± 25.98

5 min treated blend 9.94 ± 0.08 66.66 ± 3.29 86.78 ± 22.98
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3.5. Vibrational Analysis

The ATR-FTIR spectrum of untreated and blend films with different microwave time
treatments are shown in Figure 3. The treatment of blend film with microwave for different
time intervals resulted in significant changes in the corresponding wave numbers of hy-
drophilic as well as hydrophobic domains of the formulation. The hydrophilic OH/NH
domain (3290–3305 cm−1) and C=O moiety (1604–1610 cm−1) underwent significant rigidifi-
cation upon microwave treatment where 5 min treatment (Figure 4d) resulted in significant
reduction (Student’s t-test, p < 0.05) in the corresponding wave number. Contrary to this,
the hydrophobic asymmetric CH band (2920–2930 cm−1) undergoes significant fluidization
with 5 min microwave treatment of the blend film where a significant rise (Student’s t-test,
p < 0.05) in corresponding wave number from 2921.2 ± 1.15 cm−1 to 2931.2 ± 0.8 cm−1

was observed.
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3.6. Thermal Analysis

The DSC thermogram of untreated sodium alginate-pectin blend and microwave
treated blends for different time intervals are shown in Figure 4. The pectin moiety showed
transition melting temperature of 105.43 ± 2.5 ◦C while the transition melting temperature
of 184.48 ± 2.9 ◦C is ascribed to the sodium alginate moiety. The transition temperature and
energy required to induce those transitions underwent significant rise for both pectin as
well as sodium alginate moieties upon microwave treatments (Figure 4b–d). All microwave
treatments significantly increased the transition temperatures of both polymer moieties as
well as enthalpies in comparison to untreated blend formulation but a significant increase
(Student’s t-test, p < 0.05, Figure 4d) in the enthalpies among various microwave treatments
applied was observed with 5 min treatment, though the transition temperatures remain
insignificant (Student’s t-test, p > 0.05, Figure 4d).

3.7. Scanning Electron Microscopy

The surface morphological characteristics of untreated and microwave-treated blend
films are shown in Figure 5. The untreated blend (Figure 5a) showed nonhomogeneous
texture which could be due to migration of formulation constituents (tween 80 and/or
glycerol) to the surface upon drying. The microwave treatment (Figure 5b–d) showed vari-
able surface morphological results, where 1 min and 3 min microwave treatment showed
surface adhesion of formulation constituents though to lesser extent than untreated one;
formation of cracks (Figure 5c) depicting 3 min microwave treatment though facilitated
polymer homogeneity but further drying process may have led to improper laying down
of polymer fibers resulting in formation of spaces in the matrix. The 5 min microwave treat-
ment (Figure 5d) resulted in more homogenous and uniform matrix deposition in a specific
manner without any surface artifacts where even the further drying process did not render
any destructive effect neither on the texture of the film nor on the formulation ingredients.
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Figure 5. Scanning electron micrographs of (a) untreated, (b) 1 min, (c) 3 min, and (d) 5 min microwave treated pectin and
sodium alginate blend film.

3.8. Wound Morphology

The wound healing progress following 2nd degree burn wound infliction of various
animal groups is shown in Figure 6. The untreated animal group depicted slow percent
reepithelization and wound closure where the complete wound healing did not affect
till day 18 as observed with test groups. Among test groups, the chitosan-curcumin
nanoparticles alone as well as in combination showed significantly faster wound closure
and percent reepithelization in comparison to untreated and only film treated animal group
(ANOVA, p < 0.05, Figure 6) where complete wound closure as well as scare minimization
was observed. Complete reepithelization took place within 18 days post treatment with
nanoparticles and film combined application (Figure 7), while the untreated animals group
showed complete wound closure over a time span of 28 days.
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Figure 6. Wound images of rats with no applied scaffold (control) and treated by film, nanoparticles and combination of
both on different days.

3.9. Vibrational Spectroscopic Analysis (ATR-FTIR) of Skin Samples

The ATR-FTIR spectra of dermis layer of untreated and various test treated animal skin
samples are given in Figure 8. Vibrational spectroscopic method of analysis of skin samples
was used as a novel method of estimation of extent of proteins deposition as a function of
applied treatments. For the purpose, OH/NH, amide-I and amide-II bands wave numbers
and corresponding absorbance ratios with respect of untreated skin samples were recorded
and calculated where the amide-I and amide-II as well as OH/NH bands typically originate
from the protein moieties of the skin [61]. The changes in the wave numbers and absorbance
ratios were assigned to increase and/or decrease in the rigidification of respective domains
depicting higher population of corresponding protein moieties in the skin. The absorbance
ratios are given in Table 4. The wave numbers of OH/NH domains (3222–3294 cm−1)
in the untreated dermal layer significantly decreased (Students’ t-test, p < 0.05) with
film, nanoparticles alone as well as nanoparticle-film combine application suggesting
rigidification of hydrophilic OH/NH moieties of the dermal layer depicting formation of
more compact skin structure. The absorbance ratio of OH/NH of test samples to untreated
samples increased depicting more rigidification of hydrophilic domains of the dermal
moieties (Table 4). Similarly, the wave number of amide-I (C=O stretching, 1627–1638 cm−1,
Figure 8) moiety underwent significant decrease (Student’s t-test, p < 0.05) with various
treatments applied while the amide-II moiety wave number (1549 to 1553 cm−1) did not
show any significant changes (Students’ t-test, p > 0.05).
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Figure 8. ATR-FTIR spectra of dermis of (a) control skin, skin treated by (b) film, (c) nanoparticles, (d) film and nanoparti-
cle group.

Table 4. Absorbance ratios of various regions.

Samples Absorbance Ratios of OH/NH of Test to
Untreated Dermal Moieties

Absorbance Ratios of Amide-I (C=O
Stretching) to Amide-II (C-N Bending)

of Various Test Dermal Moieties

Film 0.91 ± 0.005 1.01 ± 0.05

Nanoparticle 1.05 ± 0.005 1.8 ± 0.01

Nanoparticle-film combined 1.12 ± 0.015 2.15 ± 0.001

3.10. Thermal and Mechanical Strength Analysis of Skin Samples

The DSC thermograms of test animal skin samples and untreated extracted from
animals on 14 days of wounding are shown in Figure 9, while the tensile strength and
percent elongation break are given in Table 5.
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treated skin samples.

Table 5. Mechanical properties of skin sample.

Animal Groups Tensile Strength
(MPa)

Elongation Break
(%)

Elastic Modulus
(MPa)

Untreated 8.61 ± 0.7 12.09 ± 0.7 1.82 ± 2.1

Film 10.98 ± 0.6 14.89 ± 0.5 3.32 ± 2.9

Nanoparticles 13.78 ± 0.9 17.14 ± 1.5 4.10 ± 1.9

Nanoparticles-film
combined 14.65 ± 0.8 17.99 ± 0.7 5.78 ± 1.7

A slight increase in the transition temperature and corresponding enthalpy, though in-
significant (Student’s t-test, p > 0.05) of lipidic domains (∆T = 64.02 ± 0.2 ◦C, ∆H = 0.8 ± 0.1 J/g,
Figure 9) of the skin samples was observed with all treatments applied in comparison to untreated
animal skin sample. However, the proteinous domain (∆T = 155.3 ± 8.1 ◦C, ∆H = 124.5 ± 9.3 J/g,
Figure 9) underwent a significant rise not only in the corresponding transition temperature but
also in the energy required to induce transition. The animal group treated with nanoparticles
alone as well as in combination with film showed a significant rise in transition temperature and
enthalpies (Student’s t-test, p < 0.05) in comparison to untreated and only film treated groups.
The nanoparticle-film combined application hence translated into a significant rise in the tensile
strength as well as percent elongation break (Student’s t-test, p < 0.05, Table 5) in comparison to
untreated as well as other experimental animal groups.

3.11. Skin Histology

The hematoxylin and eosin (H&E) staining micrographs are shown in Figure 10 while
Masson trichrome is shown in Figure 11. The H&E staining was performed on day 14 skin
samples with an aim to elucidate the accumulation of inflammatory cells, regeneration
of epidermis layer, blood vessels proliferation and tissue granulation formation. Control
group showed poor epithelial regeneration along with sub-epithelial layer degeneration,
and connective tissue fibers along with dermal glands were displaced in entire connec-
tive tissues (Figure 10a). Blend film treated skin exhibited partial epithelial regeneration
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followed by epidermal layer that regenerated over the granulation tissue and mild inflam-
matory infiltrate was noted (Figure 10b). Nanoparticles treated group with and without
blend film application have connective tissue fibers that were properly arranged with
many newly grown connective tissue, and entire dermal tissue in fiber bundles is visible.
Connective tissue fibers were well developed and showed compactness in their structure
without any displacement and sign of degeneration of tissue fibers (Figure 10d).
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Figure 10. Hematoxylin and Eosin staining of skin samples extracted on day 14 of wounding on
(a) untreated, (b) blend film, (c) nanoparticles and (d) nanoparticles-blend film combined treated
skin samples.

The emphasis of using Masson trichrome on burn wound tissue samples of untreated
and various treated groups was to check the epidermal and dermal connective tissue
fibers, as it gives green color to the collagen fibers which is very helpful in determining the
extent of collagen production as well as its alignment at the healing area on 14 days post
wounding (Figure 11). A significant difference in the extent and alignment of collagen fibers
deposition following burn wound treated with nanoparticles (Figure 11c) and combine
nanoparticles and blend film group (Figure 11d) was observed in comparison to untreated
(Figure 11a) and film treated groups (Figure 11b), which demonstrated good synergistic
wound healing characteristics of chitosan and curcumin. The untreated group showed
void space in the dermis layer with irregular arrangement and disintegration of collagen
fibers. Dermis and sub-epidermal regions also showed too much distortion followed by
the epidermal region where epithelial integrity was distorted (Figure 11a).
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Figure 11. Masson trichrome staining of skin samples extracted on day 14 of wounding on (a) untreated,
(b) blend film, (c) nanoparticles and (d) nanoparticles-blend film combined treated skin samples.

4. Discussion

This project investigated the film and nanoparticles combined application as a novel
strategy to treat burn wounds. As shown in Figure 1, the moisture adsorption ability
of the blended films was directly related to microwave treatment time. Microwaves are
electromagnetic waves which interact with polar moieties of the polymer in a volumetric
manner [62]. Both polymers, i.e., sodium alginate and pectin, contain a number of polar
functional groups viz OH/NH2, amide-I and amide-II, which may interact with each
other upon microwave treatment preferably through hydrogen bonds [63]. Exposition of
surface hydrophilic functional groups enables attraction and/or interaction with more
water molecules [64]. The blend film also contained additional hydrophilic ingredients
namely tween 80 and glycerol. The increase in the hydrophilicity of the blend film with
microwave treatment might be due to arrangement of all hydrophilic components of the
formulation towards the surface of the dried film matrix which enabled further increase
in the attraction ability of water molecules towards the film surface. Furthermore, the
polymer interlinking helps lay down the polymer fibers in a uniform fashion during drying
process and results in formation of voids between polymer chains to form a controlled
pore size throughout the polymer matrix [65]. Smaller pore size in the matrix translates
into maximal retention and/or adsorption of moisture at the wound bed [66]. The pore
size of the film is also considered important to minimize fibroblast/keratin in-growth
into the film, thereby reducing secondary damage upon dressing changing [67]. The
smaller pore size also enables reduction in the infiltration of opportunistic bacteria into
wound bed, which translates into minimization of chances of secondary bacterial infections
which may otherwise complicate the wound [68]. Furthermore, high surface adsorption
capacity of film formulation also helps clear surface bacteria from the wound. The poly-
meric film enables bacterial adsorption possibly through biospecific/selective interaction
(carbohydrate–protein, protein–protein) and nonspecific interactions (electrostatic or hy-
drophobic) [69] and hence film with high adsorption capacity may thus help in removing
surface pathogenic bacteria from the wound bed [70]. The microwave based physically
cross-linked sodium alginate and pectin blend film at frequency of 2450 MHz for 5 min
is thus envisaged to promote skin tissue regeneration following 2nd degree burn by in-
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creasing the exudates removal from the wound bed due to controlled pore formation in the
polymer matrix and hence prevent bacterial infiltration as well.

The reduced water loss from the wound bed into the external environment is of pivotal
importance. Microwave treatment resulted in a significant increase in the WVTR and WVP
(Table 2, Student’s t-test, p < 0.05). The WVTR and WVP are directly related to the pore
size formed in the polymer matrix upon drying [71], while reduced WVTR and WVP are
considered essential to prevent the wound from drying out. At the same time, appropriate
pore size is also essential to facilitate gaseous exchange (oxygen and carbon dioxide) be-
tween the wound bed and environment [13]. A poor exchange of gases between the wound
bed and external environment may accumulate CO2 leading to acidification of the wound
media, which on one hand may directly inhibit the cell proliferation during angiogenesis
and on the other hand may provide a favorable environment for the infiltration and growth
of anaerobic bacteria [72]. In aerobic metabolism of glucose, generation of ATP’s are major
energy molecules which drive the majority of the cellular processes during the wound heal-
ing process [73].Since healing tissue requires an increased energy demand [74], appropriate
pore size of the polymer film, enough to facilitate gaseous exchange between wound bed
and external environment, is thus envisaged to promote skin tissue regeneration.

The microwave treatment significantly delayed the erosion ability of the film (Stu-
dent’s t-test, p < 0.05, Figure 2a), which could be attributed to crosslinking that restricts
chain relaxation due to formation of egg box junctions among pectin and/or sodium al-
ginate moieties, a time-dependent stabilization of the elicitor-active conformation which
increases its biological activity [75]. Furthermore, reduction in the percent erosion with
5 min microwave treatment depicts formation of additional inter and intra polymer chains
and/or polymer and other formulation moieties thus deterring the rapid entry of solvent
molecules into the polymer matrix preventing rapid breakage of matrix structure [76].
Similarly, the water uptake capacity of the film determines the physicochemical properties
of film like degradation, swelling, mechanical integrity, adhesivity, drug stability, drug
release profile and biological response [77]. Reduced water uptake capacity determines
the resistance of film to degradation in the wound physiological environment [78]. The
water uptake ability of microwave-treated blend films (Figure 2b) demonstrated a slight
increase in the water uptake capacity where the reason behind was not investigated but it
is believed that microwave interaction with polar moieties of the polymers and other for-
mulation ingredients may have resulted in the availability of more hydrophilic functional
groups (OH/NH2, ester, amide) from the sodium alginate, pectin and/or tween 80 and
glycerol resulting in a slight increase in the hydrophilic interaction with the available water.
Although, high water uptake and slow erosion are deemed favorable to withstand shear
and stress conditions during application as well as removal of exudate and debridement of
the wound bed which translate into faster skin regeneration [13].

The tensile strength of the film formulation determines its fate following applica-
tion as well as its ability to withstand shear stress during packaging and transportation;
hence blend use is often advocated in place of lone polymer, which has higher mechanical
strength [79,80]. Polymeric films that are intended to be used for wound healing applica-
tions should have appropriate mechanical properties that can support cellular activities
such as proliferation, migration, and angiogenesis, as well as protect structures found in
native skin such as blood vessels, lymphatic systems and nerve bundles [81]. For this
purpose, the film should have mechanical properties similar to those found in native tissue.
In this regard, the values of the tensile strengths (5 to 40 MPa), the Young’s modulus (4.5
to 25 MPa) and the percent elongation-to-break (35% to 120%) are considered appropri-
ate for wound dressings [82] and sufficient to provide enough mechanical support for
angiogenesis and tissue remodeling process during wound healing which also help in
preventing stress shielding [83]. Microwave interacts with hydrophilic domains of the
polymers (OH/NH2, amide-I, amide-II) [84], which are responsible for development of
extra inter and intra polymer linkages preferably through H-bonding and/or electrostatic
interactions [85]. Formation of additional linkages translates into stiffness of the polymer
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matrix thus formed and enables deposition of polymer fibers in a specific geometric man-
ner during drying process [86]. The decrease in the spaces between the polymer fibers
upon treatment results in more resistance to breakage and hence translates into higher
mechanical stability [87]. This was the reason that 5 min microwave treatment significantly
enhanced the mechanical stability of the blend film in comparison to untreated as well as
other treatments.

The changes in hydrophilic and hydrophobic domains of the blend film (Figure 3)
can be attributed to the interaction between the polymer chains and/or other formulation
moieties namely tween 80 and/or glycerol which is envisaged to increase the mechanical
strength as well as elasticity of the blends with microwave treatment in comparison to
untreated. The interaction between the polar moieties of sodium alginate and pectin and/or
polymers and tween 80/glycerol upon microwave treatment could have resulted in the
formation of new bonds between them which resulted in the shrinkage of hydrophilic
domains (OH/NH2, C=O, Figure 3b–d), which could aptly explain the blend film resistance
to erosion and an insignificant rise in water uptake capacity due to reduction in the inter
polymer chain spaces restricting rapid penetration of immersion medium molecules into
polymer matrix. On the other hand, significant fluidization of hydrophobic moiety of the
blend was observed which can aptly be attributed to the role of glycerol being a plasticizer in
the blend film which resulted in a significant rise in the percent elongation as well as elastic
modulus of the blend treated with microwave for 5 min [88]. The microwave activated
polar functional groups and an increase in polar interactions between the polymers and/or
other formulation entities translated into formation of new inter and intra molecular forces
which might have enabled deposition of polymer chains in a layer-by-layer pattern to form
a specific three-dimensional structure with controlled inter and intra polymer spaces [89].

Similarly, in thermal analysis (Figure 4) significant changes in the transition tempera-
tures as well as enthalpies of the polymer moieties was observed with 5 min microwave
treatment (Figure 4d). Since both pectin and sodium alginate have a number of hydrophilic
functional groups with the ability to form inter and intra polymer H-bonding, this results
in a rise in energy required to induce transition due to rise in propensity and extent of
interaction between the various functional groups under microwave treatment [90]. Both
pectin and sodium alginate are polysaccharide polymers and contain a number of OH and
COOH functional groups which have the ability to form strong inter and intramolecular
H-bonding [91]. Microwave interacts with polymers through polar functional groups in the
polymer structure and elicit formation of additional linkages through H-bonding and/or
electrostatic interaction [92]. The ability of microwave to develop a physically cross-linked
structure resulted in a significant rise in the transition temperature as well as enthalpies of
the blend which is envisaged to improve the physicochemical properties of the blend film.

The 5 min microwave treatment (Figure 5d) translated into a more homogenous and
uniform matrix deposition in a specific manner without any surface artifacts where even
the further drying process did not render any destructive effect, neither on the texture of the
film nor on the formulation ingredients, suggesting 5 min microwave treatment of pectin
and sodium alginate blend ensures proper amalgamation of all formulation ingredients
which translates into smooth surface texture formation.

The modified chitosan-curcumin nanoparticles alone as well as in combination showed
significantly faster wound closure and percent reepithelization in comparison to untreated
and only film treated animal group (ANOVA, p < 0.05, Figures 6 and 7). Curcumin is a natu-
ral wound healing compound with remarkable anti-inflammatory and collagen deposition
properties [93]. Curcumin is reported to reduce expression of pro-inflammatory cytokines
namely tumor necrosis factor alpha (TNF-α) and interleukin-1 (IL-1) [94]. Furthermore,
curcumin has the inherent ability to recruit M2-like macrophages in the white adipose
tissues which translate into enhanced production of anti-inflammatory cytokines which
are detrimental for the inflammatory response [95] and also inhibit nuclear factor (NF-kB),
thus reducing inflammation at the wound site [96]. Curcumin is also reported to recruit
wound site fibroblasts in vitro and in vivo by inciting proliferation and migration which
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is partially mediated by Dkk-1, where curcumin has been speculated to precisely control
the Dkk-1 level in a temporospatial manner to regulate the downstream Wnt signaling
pathway which is necessary to facilitate fibroblasts proliferation and migration at wound
site [97]. The wounds are also associated with formation of reactive oxygen species (ROS)
particularly hydrogen peroxide (H2O2) and superoxide (O2

−) which are associated with
prolonging the inflammatory phase of the wound healing due to damage caused to healing
cells [98]. Curcumin acts as a potent antioxidant by scavenging ROS and suppression
of transcription factors related to oxidation, which is conferred by its electron donating
functional groups (i.e., the phenolic OH groups) [99].

Chitosan is a promising polymer with anti-bacterial [100], anti-inflammatory [101]
and hemostatic properties [102]. The antimicrobial properties of the chitosan are due to
its positive surface charge due to protonation of NH2 functional groups which interact
with negatively charged microbial cell membrane and/or cell wall and thus incite ly-
sis [103]. The extent of positive surface charge on chitosan is directly related to its degree
of deacetylation [104]. The chitosan variant used had a degree of deacetylation 91.41 ± 8.2,
thus increased propensity of positive surface charge was imparted to nanoparticles. The
chitosan-curcumin nanoparticles are thus envisaged to exert synergistic antimicrobial activ-
ity. Furthermore, chitosan has also been reported to facilitate wound healing by promoting
growth of macrophages and fibroblasts where secretion of cytokines such as transforming
growth factor-β (TGF-β), PDGF and IL-1 which translate into migration of macrophages
into wound site, promoting fibroblasts proliferation and enhancing collagen secretion [105].
This could be the reason that chitosan-curcumin nanoparticles hasten percent reepitheliza-
tion process and wound closure in comparison to untreated and film animal groups. The
percent re-epithelization was significantly higher when nanoparticles and film were used
in combination (Figure 7). The nanoparticle and film combined application facilitated rapid
wound healing by preventing rapid water loss from the wound bed and facilitated easy
gaseous exchange between the wound bed and external environment which translated into
rapid wound closure and higher percent of reepithelization.

The vibrational spectroscopic analysis of skin samples and absorbance ratios of various
absorption bands excised at specific time interval (Figure 8, Table 4) underwent significant
changes in the propensity of skin proteinous domains. The spectral bands in vibrational
analysis of samples are molecule-specific and are directly associated with the vibrations of
particular chemical bonds and/or functional groups when exposed to IR radiations [106],
while the absorbance values are directly related to the propensity and/or concentration
of those particular molecules where higher absorbance values indicate higher intensity of
that specific region [107]. The higher absorbance ratios observed with nanoparticles-film
combined application clearly indicate that more proteins (predominantly collagen) are
being deposited at the wound site as compared to other treatments applied [108].

As shown in Figure 9, nanoparticles application alone as well as in combination with
film translated into a significant rise in the transition temperature as well as enthalpies of
the proteinous domains of the skin samples as well as a significant rise in the mechanical
strength of the skin (Table 5). Curcumin is found to increase collagen synthesis, cellular
proliferation and hence increase collagen deposition for rapid wound healing [98].Chitosan,
with high degree of deacetylation, promotes wound healing and increases fibroblast ac-
tivity and uniform collagen deposition translating into higher tensile strength [109]. The
increased transition temperature and corresponding enthalpy observed with nanoparticles
treated group and nanoparticles-film combined treated group is thus the synergistic activity
of curcumin as well as chitosan to promote skin tissue regeneration, while the film provided
an additional support to keep the wound moist which is detrimental for rapid wound
closure. The nanoparticle-film combined application hence translated into a significant
rise in the tensile strength as well as percent elongation break (Student’s t-test, p < 0.05,
Table 5) in comparison to untreated as well as other experimental animal groups, which is
envisaged to be due to synergistic action of curcumin and nanoparticles in ensuring rapid
formation of collagen fibers and their uniform deposition at wound site.
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The hematoxylin and eosin (H&E) staining micrographs (Figure 10) showed appli-
cation of nanoparticles alone as well as in combination with film resulted in formation
of properly arranged connective tissue fibers. Chitosan has been reported to possess
antimicrobial [110], antioxidant [111] and immunomodulatory activity [112]. The moist
environment of the wound post skin injury provides a favorable environment for the
microbes to infiltrate the wound and hence induce secondary bacterial infection [113].
The antimicrobial activity of chitosan is directly linked to its degree of deacetylation as
chitosan variant having a higher number of free NH2 groups reported to possess higher
antimicrobial activity due to their enhanced ability to interact electrostatically with the
negatively charged microbial cell membrane [114]. Similarly, the antioxidant activity of the
chitosan is also directly linked to its molecular weight and degree of deacetylation where
low molecular weight and higher degree of deacetylation are reported to exert higher free
radical scavenging ability [115]. Chitosan possesses the ability to inhibit proinflammatory
cytokines and promote tissue granulation through fibroblast recruitment [116]. Friedman
et al. investigated the P. acnes induced cytokines and chemokines and found a significant
reduction in levels of IL-12p40 demonstrating complete reduction of IL-12 and IL-6 [117].
On the other hand, curcumin is a natural compound which possesses remarkable antioxi-
dant, antimicrobial, and anti-inflammatory properties [118]. The anti-inflammatory activity
of curcumin was reported to be through peroxisome proliferator-activated receptor gamma
(PPAR-γ) [119]. Furthermore, curcumin also exerts its anti-inflammatory activity through
T cells, B cells, neutrophils, natural killer cells, dendritic cells, and macrophages [120]. The
synergistic anti-inflammatory activity of chitosan and curcumin is thus envisaged to pro-
mote rapid wound closure and formation of denser and more well-developed connective
fibers and higher fibroblasts accumulation at wound site independent of film application
(Figure 11d).

Similarly, a synergistic activity of chitosan and curcumin was observed when nanopar-
ticles were applied in combination with film in the alignment at the healing area 14 days
post wounding (Figure 11). Chitosan possesses the ability to regulate granulation tissue
formation and promote angiogenesis, thus assuring correct deposition of collagen fibers
which translate into correct repair of injured dermal tissue [121]; while curcumin also
promotes collagen deposition by enhancing the fibroblast proliferation, vascular density
and modulating the granulation tissue formation which facilitate extracellular matrix pro-
duction at the wound site [122]. It also induces transforming growth factor-β and thus
stimulates angiogenesis and accumulation of extracellular matrix continues through the
remodeling phase of wound healing [123]. The synergistic collagen deposition ability of
chitosan and curcumin translated into more compact collagen fiber deposition in case of
nanoparticles alone as well as when applied in combination with blend film in comparison
to untreated and film treated animal group.

5. Conclusions

This study explored the combinational use of modified chitosan-curcumin nanoparti-
cles and microwave enabled physically cross-linked polymer blend film for skin regener-
ation potential following 2nd degree burn wound in animals. The microwave treatment
significantly improved the physicochemical attributes of polymer blend film addressing
the properties required of a wound healing platform. The cross linking between the two
polymers was initiated by rigidification of hydrophilic and fluidization of hydrophobic
domains which resulted in a significant change in the corresponding transition temperature
as well as enthalpies of the polymer moieties. The combinational application of modified
chitosan-curcumin nanoparticles hastens the skin regeneration process and translates into
a significant increase in the extent of protein deposition as well as mechanical strength. The
combined use of microwave enabled physically cross-linked sodium alginate and pectin
film and modified chitosan-curcumin nanoparticles may open new horizons in treatment
strategies of burn wounds.
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Abstract: In recent years the interest in the realization of green wood plastic composites (GWPC)
materials has increased due to the necessity of reducing the proliferation of synthetic plastics. In this
work, we study a specific class of GWPCs from its synthesis to the characterization of its mechanical
properties. These properties are related to the underlying microstructure using both experimental
and modeling approaches. Different contents of Miscanthus giganteus fibers, at 5, 10, 20, 30 weight
percent’s, were thus combined to a microbial matrix, namely poly (3-hydroxybutyrate)-co-poly(3-
hydroxyvalerate) (PHBHV). The samples were manufactured by extrusion and injection molding
processing. The obtained samples were then characterized by cyclic-tensile tests, pycnometer testing,
differential scanning calorimetry, Fourier transform infrared spectroscopy, X-ray diffraction, and
microscopy. The possible effect of the fabrication process on the fibers size is also checked. In parallel,
the measured properties of the biocomposite were also estimated using a Mori–Tanaka approach
to derive the effective behavior of the composite. As expected, the addition of reinforcement to the
polymer matrix results in composites with higher Young moduli on the one hand, and lower failure
strains and tensile strengths on the other hand (tensile modulus was increased by 100% and tensile
strength decreased by 23% when reinforced with 30 wt % of Miscanthus fibers).

Keywords: biocomposite; bio-sourced products; mechanical properties; micro-mechanics; mechani-
cal testing

1. Introduction

In recent years, the market for wood plastic composites (WPCs) has grown exponen-
tially thanks to the possibility to assure durability to the manufactured products without
the use of toxic chemical agents or harmful fibers [1]. The different applications for these
materials, such as in building and construction field or automotive, make this market
highly fragmented, but at the same time very attractive for many research groups and
industries. Today, most of these composites are constituted by matrices derived from oil
such as polyethylene (PE) or polypropylene (PP), in which a small amount of process and
property modifiers are added though extrusion or injection processes to enhance outdoor
applications [2]. Even though natural cellulosic fibers have been successfully used with
petroleum-derived polymers, the environmental benefits of natural fiber composites can be
enhanced considerably if biodegradable polymers are used [3]. These biocomposites can be
easily disposed of or composted at the end of their life without harming the environment,
which is not possible with synthetic fiber-based polymer composites. In fact, the addition
of natural fillers increases the renewable content in the final product without changing
the biodegradability of the continuous phase and also allows the use of agroforestry and
fruit wastes, marking an important transition of the economy from a linear to circular
model [4,5].
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Poly(3-hydroxyalkanoates) (PHAs) are a class of natural biodegradable polyesters
accumulated by many bacteria as carbon and energy supply when an essential nutrient
is limited [6,7]. Using various substrates, a wide variety of PHAs can be synthesized,
differing notably in the length of their side chains [6,8]. Two types of PHAs can be distin-
guished: (i) short-chain-length PHAs, or scl-PHAs, possessing alkyl side chains with up
to two carbon atoms, as the widely used poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PHBHV, for example, is considered hereafter; (ii) medium-chain-length PHAs, or mcl-
PHAs, with at least three carbon atoms in their side chains. PHAs have been suggested
as green substitutes for conventional plastics, due to their synthesis from renewable re-
sources and their biodegradation by enzymatic action [9]. Owing to their biocompatibility
and biodegradability, PHAs proved to be good candidates for biomedical applications,
including in the design of devices, biodegradable drug carriers, and tissue engineering
(TE) scaffolds [10–13]. They have also been combined with natural cellulosic fibers such as
hemp jute flax carnauba fibers, miscanthus, bamboo [14–17], pineapple fibers [18], recycled
wood fiber [19], and cellulose nanowhisker [20,21] to prepare biocomposites.

Among all the existing PHAs, poly(3-hydroxybutyrate) (PHB) is certainly one of the
most important. It possesses a melting point close to that of polypropylene, better oxygen
barrier property, and similar mechanical properties [9]. However, its brittleness and narrow
processing temperature window limit its application. To overcome the inferior properties
of PHB, a variety of copolymers were synthesized by bioconversion, such as the poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) with 12% of valerate units was chosen
to realize composite materials. Among the different vegetable fibers that can be used,
we chose Miscanthus (Miscanthus giganteus). This is a perennial crop, highly productive
with a very efficient nitrogen-recycling system and a very interesting energy balance due
to the absence of nitrogen [22] and recently used in composites [23–26]. A well-known
phenomenon in these materials is the incompatibility between fibers and matrix caused by
the hydrophobicity of the polymer and the hydrophilic nature of the fibers. This effect has
serious consequences on the mechanical seal of the final material which is why compatibi-
lizer agents, additives, or surface treatments that improve the cohesion at the matrix/fiber
interface are often necessary [27–33]. Thus, we recently showed the possibility to improve
the adhesion between poly(caprolactone) and vegetal fibers using photoactivated grafting
of a bounding agent [34,35]. In this update paper, by working with unfunctionalized
materials, we intend to present a complete study of PHBHV/Miscanthus composites from
their synthesis to their testing and in silico characterization. More specifically, this paper
is not an increment in the enhancement of the fiber compatibility with the matrix, but a
necessary work providing a starting reference that combines an extensive experimental
characterization of PHBHV/Miscanthus composites and its associated modelling tool.

Considering different content of Miscanthus fibers, the purpose of this study is to
propose a rigorous method to produce these composites and then determine a reference pro-
tocol to depict their physical and mechanical properties. This characterization is performed
using a twofold approach since, in addition to classical mechanical and physical testing,
a micromechanical approach taking into account the geometry, volume fraction, and or-
ganization of the fibers in the matrix, is carried out to estimate the effective mechanical
properties of the composite.

At this stage, the in silico methods are validated using non-functionalized media. This
is necessary before introducing interfacial terms in the model to represent enhanced behav-
iors of functionalized composites. Then, in a further step, this modelling approach will
be useful to derive a model-driven optimization of the composite for enhanced synthesis
such as the one proposed by Rodi et al. [17]. After having briefly presented the composites
processing, the different experimental and numerical characterization tools are introduced
in the materials and methods section. These characterizations consist in scanning electron
microscopy, mechanical testing, fibers size comparison, pycnometer testing, differential
scanning calorimetry, Fourier transform infrared spectroscopy, and X-ray diffraction. Then
the results are presented and finally discussed.
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2. Materials and Methods
2.1. Materials

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHB88HV12), containing 12% of valer-
ate, was purchased from Goodfellow, Lille, France, in a pelletized form. Miscanthus
giganteus (MIS) fibers were provided by Miscanplus, Digny, France. MIS fibers came from
a 2014 spring crop roughly chopped and subsequently milled until fiber length ranged
between 1 and 5 mm.

2.2. Composite Processing

Thermogravimetric analysis revealed that the MIS has ambient moisture of 5%. For
this reason, prior to processing, both PHBHV and Miscanthus were dried in a conventional
oven at 80 ◦C for 5 h in order to remove any moisture. In order to prevent the absorption of
moisture, products were stored in a desiccator containing K2HPO4 prior to processing. To
investigate the effect of the fiber content on composite mechanical properties, the following
nominal values were investigated: 0, 5, 10, 20, and 30 wt %. The nominal mass content
corresponds to the mass content of MIS at the beginning of the composite processing. As
shown later in this paper (see Section 3.4), the fiber mass content of the final product may
be slightly lower. Notwithstanding this observation, the classical use of nominal contents
is adopted hereafter to present the results.

According to the nominal mass content of each phase, PHBHV and MIS were mixed to-
gether in a lab-scale twin-screw extruder (Minilab Thermo Scientific Haake, Waltham, MA,
USA). The experiments were performed at 160 ◦C (TE) with a screw speed of 60 rpm (n).
The retention time for the pure matrix was 1 min; this time was increased to 2 min in order
to fully disperse the fibers into the matrix. After recirculation, the extruded molten material
was transferred by means of a preheated piston-cylinder assembly and was shot in the
micro-injection unit (MiniJet Thermo Scientific Haake, Waltham, MA, USA) at the injection
pressure (PI) for 30 s. A maintenance pressure (PM), lower than that used during the phase
of injection, was applied for another 30 s. The collector and the mold temperatures were
set at 165 ◦C (TI) and 45 ◦C (Tm), respectively. Parameters during the phase of injection of
the material were adjusted according to the increase in the polymer melt viscosity with
the fiber content. Some of the final optimized parameters used for the entire process are
resumed in Table 1.

Table 1. Some of the extrusion and injection molding parameters. TE extrusion temperature;
n rotational speed; TI injection temperature; Tm mold temperature.

TE [◦C] n [tr.min−1] TI [◦C] Tm [◦C]

160 60 165 45

2.3. Materials Characterization
2.3.1. Scanning Electron Microscope (SEM)

SEM observations were performed using a Merlin Carl Zeiss, Marly le Roi, France,
scanning electron microscope. Prior to observation, the cross sections of specimens at
different fiber content were sputter-coated with a thin layer of palladium in a Cressington
(Watford, UK) 208 HR sputter-coater. Images were recorded with an acceleration voltage of
10 keV and at different magnifications.

2.3.2. Mechanical Properties

The mechanical properties of the composites were evaluated using an Instron 5965
Universal Testing Machine, Norwood, MA, USA, equipped with a cell load of 100 N. All
specimens presented standard dimensions according to ASTM638 (West Conshohocken,
PA, USA). Two types of tests were made. On the one hand, a simple traction test was set
up at a rate of 5 mm/min in order to evaluate the mechanical behavior of the composites,
typically its failure strain and tensile strength. Five samples were tested for each fiber
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content value to obtain standard deviation values. These tests were performed 2 days after
the day of realization of the biocomposites. On the other hand, a cyclic traction test was set
up to evaluate the Young modulus. Ten specimens for each fiber content value were tested
in this setup. Prior to testing, specimens were stored for 8 days at 23 ◦C. The cyclic traction
test was set up with increasing values of the maximum load applied by the testing machine
from one cycle to another. The initial maximum state stress was set to 3 N and the final
one to 10 N with an increment of 1 N from one cycle to another (i.e., 8 cycles overall). The
lower and upper limits were related to the sensitivity of the experimental device threshold
and to the yield stress of the PHBHV, respectively. We, moreover, checked a posteriori that
the cyclic loading curves remain in the elastic domain. All cycles were made at a constant
speed of 0.05 N/s.

2.3.3. Fiber-Size Distribution

After processing, specimens with different fiber content were solubilized three times
in dichloromethane during 30 min. After filtration, the collected Miscanthus fibers were
observed using a 3B Scientific Physics, Bartenheim, France, microscope at a magnification
of 4×. A series of 10 observations was made per specimen.

2.3.4. Density Measurements

Average density of pure matrix and composites were evaluated using a helium Accu-
Pyc 1330 Micromeritics, Norcross, GA, USA, pycnometer on around 40 mg of mass taken
from the central section of the specimens used for tensile tests. The density calculated with
this method was compared with that calculated using the ratio between the mass and the
volume of the specimens.

2.3.5. Thermal Analyses

Differential scanning calorimetry experiments were performed on a PerkinElmer
Diamond DSC Apparatus, Haguenau, France. Sample of around 10 mg sealed in aluminum
pans were initially heated from −60 ◦C to 200 ◦C at 20 ◦C/min, cooled down rapidly, and
then reheated in the same conditions used in the first heating run. Melting point (TM)
and melting enthalpy (∆HM) were determined during the first heating. The degree of
crystallization (Xc) was then calculated using the equation

Xc (%) = 100 × ∆HM/(∆H0 × W) (1)

where ∆H0 corresponds to the melting enthalpy of a 100% crystalline PHBHV (146 J/g)
and W is the polymer fraction present in the composite.

2.3.6. Fourier Transform Infrared Spectroscopy (FTIR)

Different biocomposites were prepared, varying the content of fibers (5 and 20 wt %)
and the length of fibers (1000 and 45 µm). The specimens of PHBHV/MIS composites
were then solubilized in dichloromethane in order to separate fibers from matrix. The
collected fibers were extracted 3 times in 100 mL of dichloromethane at 54 ◦C, stirring for
30 min at 200 rpm. Fibers were then dried before analysis. Infrared spectra of the extracted
fibers were recorded using a TENSOR27 Brucker (Champs sur Marne, France) apparatus
equipped with an attenuated internal reflection accessory using a diamond crystal (Digi
Tech DLATGS Detector, 32 scans, 4 cm−1) in the range 500–4000 cm−1. These spectra were
then compared with that of raw Miscanthus fibers to assess the natural grafting of PHBHV
on the MIS through the ratio R calculated as follows:

R =
I1726cm−1

I1604cm−1
(2)

where I1726 corresponds to the intensity of carbonyl group of PHBHV and I1604 corresponds
to the intensity of the esters present in the lignin structure.
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FTIR is also an useful analysis tool to evaluate the crystallinity of the PHBHV after
processing. For instance, the band at 1726 cm−1 is representative of the C=O stretch present
in the highly crystalline structure of the matrix, while the small shoulder at 1740 cm−1

represents the same stretch in the amorphous region. Typically, the absorption bands at
1720, 1276, 1225, and 980 cm−1 are representatives of the crystalline regions, whereas the
bands at 1740, 1452, and 1176 cm−1 are representatives of the amorphous ones [36,37]. In
particular, the band around 1378 cm−1 corresponds to the symmetrical wagging of the
CH3 groups and that at 1452 cm−1 to the asymmetric deformation of methylene groups.
These bands are considered as insensitive to crystallinity and they can be good candidates
to evaluate the crystallinity degree. Hereafter, the band at 1452 cm−1 is thus considered in
addition to the one at 1225 cm−1; the latter corresponding to the C-O-C stretching which is
representative of the crystalline regions. Thus, we calculate the crystallinity index CI

CI =
I1225cm−1

I1452cm−1
(3)

where I1225 is assigned to the C-O-C stretching mode of the crystalline parts, and I1452
corresponds to the asymmetric deformation of the methylene groups (insensitive to crys-
tallinity). This index provides qualitative information about all changes that may occur in
the crystalline structure of the matrix.

2.3.7. X-ray Diffraction

Structural characterizations of Miscanthus fibers and PHBHV/MIS composites were
determined by X-ray diffraction (XRD) using a D8 advance Bruker (Champs sur Marne,
France) diffractometer operating at 40 kV and 40 mA with a CuK α radiation. The whole
area investigated was in the range 2θ ≈ 5–40◦ at a scanning rate of 0.2◦/min.

2.4. Modelling

Among the several methods predicting the elastic properties of fiber-reinforced com-
posites, the rule of mixtures (ROM) is probably the quickest and easiest one. Using the
elastic moduli EF and EM of the fiber and matrix phases, and the volume fraction of the
fibers φF, the effective Young modulus of the composite reads:

EC = φFEF + (1 − φF)EM (4)

Much more sophisticated models were also developed to evaluate the effective elastic
behavior of the composite using homogenization approaches. Homogenization theories
can estimate the effective elastic tensor Chom of a multiphase material based on information
about its microstructural organization. Among others, continuum micromechanics [38,39]
proved to be quite useful when dealing with composite materials of matrix-inclusion
type [40,41]. Continuum micromechanics use the solution of the matrix-inclusion problem
provided by Eshelby in the fifties [42] to estimate the effective elastic tensor Chom of a
multiphase material as [43]:

Chom = ∑
r

φrCr : Ar (5)

where φr, Cr, and Ar are the volume fraction, (4th-order) elastic tensor and (4th-order)
localization tensor of phase r, and the sum runs over all the constituent phases. The
localization tensor Ar accounts for the nature and geometrical organization of the phase r
within the effective matrix and its expression depends, in general, on the volume fraction
and elastic tensor of all the phases. Different estimates of Chom can be obtained by suitable
choices of the effective matrix. As long as one actual phase can be identified as a “matrix”
phase, the relevant estimate of Chom is provided by the Mori–Tanaka model. The idea
behind this approach is sketched in Figure 1.
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Figure 1. Schematic of the Mori–Tanaka model. On the left: actual, heterogeneous material; on the
right: effective, homogeneous material. The intermediate step represents the homogenization proce-
dure where individual inclusions are considered as embedded in the matrix phase and contribute to
the overall elasticity of the homogenized material.

Our case is well described by the Mori–Tanaka model, since MIS fibers (inclusion
phase) are disconnected with one another and fully embedded in the PHBHV (matrix
phase). Thus, the information required by the model concerns the elastic tensors of the MIS
and PHBHV, and the volume fraction and geometrical organization of the MIS fibers. We
assumed both MIS and PHBHV to be elastic isotropic materials (see Table 2). The volume
fraction of the MIS fibers φr was computed based on the measured mass fraction using
the procedure outlined in the Appendix B. Eventually, we assumed the MIS fibers to be
either cylinder shaped and aligned with the sample main axis (that is to say the extrusion
direction) or spherical particles. Note that these two hypotheses lead to homogenized
materials which are transversely isotropic and isotropic, respectively.

Table 2. Technical data of Young Modulus and Poisson coefficient for Miscanthus giganteus and
PHBHV. (a) Adapted from Kaack et al. [44] (b) Experimental value. (c) Assumed.

Constituents Young Modulus E [GPa] Poisson Coefficient [−]

Miscanthus giganteus 4.5 (a) 0.3 (c)

PHBHV 1.0 (b) 0.3 (c)

3. Results
3.1. Mechanical Properties of Biocomposites

The tensile modulus, the tensile stress and the ultimate strain of the PHBHV/MIS
composites were evaluated using classical tensile tests (see Table 3). For rather low nominal
contents of fibers, typically 5, 10, and 20 wt %, the properties change rather slowly. It
is necessary to reach 30 wt % of fibers mass content to observe a significant effect of the
reinforcement in the matrix. This gradual increase in the tensile modulus is clearly visible
comparing the initial slopes of the curves obtained from tensile tests (Figure 2).

Table 3. Results of tensile tests on PHBHV/MIS composites considering different fiber content (0, 5,
10, 20, 30 wt %). The standard deviation values are also presented.

Samples Tensile Modulus [MPa] Tensile Strength [MPa] Ultimate Strain [%]

PHBHV 889 ± 41 22.0 ± 0.48 9.9 ± 1.1
PHBHV95MIS5 1074 ± 44 17.0 ± 1.54 4.2 ± 0.7
PHBHV90MIS10 1238 ± 74 16.8 ± 1.67 4.4 ± 0.9
PHBHV80MIS20 1267 ± 90 15.8 ± 0.77 3.9 ± 0.2
PHBHV70MIS30 1891 ± 172 16.9 ± 1.03 3.3 ± 0.7
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Figure 2. Strain-stress curves for PHBHV/MIS composites (the weight percents contents are indicated).

In parallel, a series of cyclic loading–unloading tensile tests was performed. First, a
pure matrix sample was tested to quantify its damage limit. Through these tests, it was
possible to identify the applied force beyond which damage appears in the matrix, which
turned out to be about 10 N. This value was used to set up the upper limit of the eight-cycle
loading–unloading tensile test performed on all the composite samples (see Section 2.3.2),
in order to prevent rupture of the samples. For each test, the slope of each unloading phase
was computed and used to obtain the tensile modulus of the composite. This last was
definitively corrected using the procedure showed in Appendix B and the final values are
showed in Table 4.

Table 4. Results of cyclic loading–unloading test on PHBHV/MIS composites at different fiber
content (0, 5, 10, 20, 30 wt %). The standard deviation values are also presented.

Samples Slope of Unloading Phase [N/mm] Tensile Modulus [MPa]

PHBHV 115 ± 5.0 1012 ± 48
PHBHV95MIS5 134 ± 5.3 1185 ± 44
PHBHV90MIS10 159 ± 7.0 1408 ± 63
PHBHV80MIS20 196 ± 15.2 1736 ± 137
PHBHV70MIS30 228 ± 22.3 2032 ± 191

The slope, and thus the tensile modulus, increased with increasing fiber content, but
also the standard deviations of these values increased. Furthermore, the values obtained
with a simple tensile test are lower from those obtained with the cyclic procedure (Figure 3).
Another important point of these tests is the difference between the slopes of the curve
during the loading and unloading phases, the latter being more important (Figure 4).
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3.2. Scanning Electron Microscopy (SEM)

The cross sections of composites at different content of fibers were characterized by
SEM at a magnification of 100; the results are shown in Figure 5. At lower fiber contents,
typically at 5 and 10 wt %, the fibers are isolated in the matrix and perfectly identifiable. At
higher fiber contents, fibers tend to form aggregates in all the section. In all samples, fibers
pull out from the matrix.

3.3. Fiber-Size Distribution

Average values of width (D) and length (L) of the fibers and the L/D ratio are reported
in Table 5. The fibers aspect ratio decreases when fiber content increases. This indicates that
the composite synthesis based on an injection molding processing does damage the fibers
for higher content. Indeed, due to the narrow pathway in the injector, it is reasonable to
assume that high fiber contents correspond to stronger deterioration of the fibers depending
on the injection conditions (see for instance Moritzer et al. [45] or Dupuis et al. [46]). In
particular, it could be interesting in a future work to check the effect of annealing after
composite processing.
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Figure 5. SEM images of the cross section of PHBHV/MIS composites: (A) PHBHV95MIS5;
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Table 5. Evaluation of fiber-size distribution. The standard deviation values are also presented.

Samples Width, D (mm) Length, L (mm) L/D

PHBHV95MIS5 0.27 ± 0.04 1.72 ± 0.33 6.4
PHBHV90MIS10 0.20 ± 0.06 1.11 ± 0.44 5.6
PHBHV80MIS20 0.16 ± 0.01 0.82 ± 0.10 5.1
PHBHV70MIS30 0.18 ± 0.08 0.80 ± 0.09 4.6

3.4. Density of Miscanthus and Composites

In Table 6, the fiber and composites densities are presented, introducing: νMIS_n, the
nominal mass fraction of Miscanthus; νMIS_m, the measured mass fraction; <ρMIS>, the
average density of Miscanthus; <ρC_calc>, the calculated average density of composites;
and <ρC_exp>, the experimental average density of composites.

Table 6. Density values for MIS fibers and composites materials calculated with weight values (a)

and with a Helium pycnometer (b). The standard deviation values are also presented.

Samples νMIS_n νMIS_m <ρMIS> [g/cm3] <ρC_calc> [g/cm3] <ρC_exp> [g/cm3]

PHBHV 0 0 - 1.25(a) 1.083 (b)

PHBHV95MIS5 5 4.4 ± 0.1 0.75 ± 0.03 1.214 ± 0.003 (a) 1.233 (b)

PHBHV90MIS10 10 7.9 ± 1.6 0.76 ± 0.05 1.187 ± 0.002 (a) 1.176 (b)

PHBHV80MIS20 20 17.5 ± 2.1 0.96 ± 0.01 1.186 ± 0.005 (a) 1.184 (b)

PHBHV70MIS30 30 27.1 ± 0.2 0.93 ± 0.03 1.143 ± 0.012 (a) 1.240 (b)

First, using the procedure presented in Appendix B to calculate the volumetric fraction
of the MIS fibers, the fiber mass MF is obtained and then their density ρF is determined
thanks to Equation (A4). The fiber mass measurements clearly show that discrepancies
between the nominal and actual MIS mass contents do exist, the actual value being slightly
lower. This trend may be due to a clogging effect at the injection point. Actually, during the
injection process, the mixture is cooled quickly from TI = 165◦ in the collector to Tm = 45◦

in the mold, leading to a progressive clogging at the injection point which increasingly
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prevents fibers from entering the mold. According to this hypothesis, the bulk of the mold
should be richer in fibers than the space near the mold walls, the latter being essentially
filled by pure matrix. This phenomenon is clearly visible in the SEM images of Figure 5A,B
where there are no fibers in the boundary of the sample. The density of MIS roughly
ranged from 0.7 to 1 g/cm3 after the injection molding procedure. Note that the MIS fibers
extracted from specimens at 5 and 10 wt % from specimens at 20 and 30 wt %, respectively,
have similar densities. Secondly, the density of the biocomposites was evaluated through
the pycnometer and compared with that obtained from a weighing procedure. Results
obtained with the two methods are coherent for 5, 10, and 20 wt %, whereas they differ
for the pure PHBHV and the 30 wt % case. We attribute this to a potential misuse of
the pycnometer.

3.5. Evaluation of the Crystal Structure of PHBHV Matrix

FTIR and XRD investigations were conducted to evaluate the internal crystalline
structure of PHBHV and different biocomposites with various contents of fibers (from 5 to
20 wt %) and different lengths of fibers (1000 and 45 µm).

On the one hand, the use of FTIR analysis can provide an indication on the crystalline
behavior (see Section 2.3.6). As shown in Table 7, the crystallinity index CI decreased from
1.07 for the neat matrix to 1 for a composite with 20 wt % of long fibers or of 5 wt % of
short fibers. Thus, fibers length and content slightly affect the crystalline behavior of the
composite. This may, thus, cause differences when measuring the mechanical properties of
the different samples.

Table 7. Crystallinity parameters of PHBHV and its composites determined by FTIR-ATR analysis.

Sample MIS Length [µm] CI

PHBHV - 1.07
PHBHV95MIS5 1000 1.06
PHBHV95MIS5 45 1.00
PHBHV80MIS20 1000 1.00

On the other hand, XRD analysis was conducted on the neat matrix and composites
with 20% of long fibers (Figure 6). PHBHV has a semi-crystalline nature with characteristics
peaks at 2theta around 13◦, 17◦, 21◦, 22◦, 25◦, and 27◦, corresponding to planes (020), (110),
(101), (111), (121), (040), respectively, in the orthorhombic crystalline lattice. The addition
of MIS does not alter the basic crystal structure of PHBHV since the reflections are located
at the same angle. Moreover, the evaluation of Bravais parameters showed that the lattice
volume did not change.
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3.6. FTIR Analysis to Assess Grafting Efficiency

In parallel, FTIR analysis can also be used to evaluate the quantity of PHBHV chains
grafted onto MIS surface. That is why FTIR-ATR spectroscopy analyses were carried out
on the fibers extracted from biocomposites PHBHV95MIS5. In Figure 7, for instance, we
present the spectra of raw Miscanthus fibers and of the fibers extracted from biocomposites
PHBHV95MIS5.

Polymers 2021, 13, x FOR PEER REVIEW 11 of 20 
 

 

 
Figure 6. XRD diffractograms of Miscanthus (magenta), PHBHV neat matrix (black), and 
PHBHV80MIS20 composites (red). 

3.6. FTIR Analysis to Assess Grafting Efficiency 
In parallel, FTIR analysis can also be used to evaluate the quantity of PHBHV chains 

grafted onto MIS surface. That is why FTIR-ATR spectroscopy analyses were carried out 
on the fibers extracted from biocomposites PHBHV95MIS5. In Figure 7, for instance, we 
present the spectra of raw Miscanthus fibers and of the fibers extracted from biocompo-
sites PHBHV95MIS5. 

 
Figure 7. FTIR-ATR spectra of MIS (black curve) and MIS extracted from a composite PHBHV95MIS5 
(red curve). 

Figure 7. FTIR-ATR spectra of MIS (black curve) and MIS extracted from a composite PHBHV95MIS5
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The ratio R between the peak at 1726 cm−1, corresponding to the carbonyl group
of the PHBHV, and the peak at 1604 cm−1, corresponding to the esters of lignin, is then
evaluated and reported in Table 8. Since this ratio for the composite is the same as the one
obtained for the raw Miscanthus, no PHBHV was grafted onto the MIS surface during
the process. This suggests a direct prospect of this study by improving the interfacial
fibers/matrix properties.

Table 8. R values obtained by FTIR-ATR analysis as function of DCP content for raw fibers of
1000 µm and for fibers extracted from biocomposites PHBHV95MIS5. The standard deviation values
are also presented.

Sample R

MIS 1.3 ± 0.01
PHBHV95MIS5 1.3 ± 0.01

3.7. Results of Numerical Simulation

A Mori–Tanaka model was used to estimate the overall homogenized elastic modulus
of PHBHV/MIS composites in the direction of application of the stress (horizontal direction
E3 in Figure A1). In a first case, we assumed that the fibers had a cylindrical shape
and were aligned along the axis of stress, leading to a transversely isotropic effective
behavior. In a second case, we considered that fibers had a spherical shape, thus giving an
isotropic system. Both models require knowledge of the volumetric fractions of fibers in
the biocomposites and the mechanical properties of the constituents. In both models, both
matrix and fibers are assumed to be isotropic. Then, their elastic behavior is fully described
by their Young modulus and Poisson ratio.
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The experimental values calculated with the loading–unloading cycles lie between the
two simulations, which constitute the upper and lower limits for the elastic modulus E3.
The model with cylindrical fibers aligned in the direction of the stress seems to get closer to
the experimental values than the model with spherical fibers. Moreover, results obtained
from the cylindrical fiber model are perfectly overlapped with those obtained using the
rule of mixtures (ROM). All these results are shown in Figure 8.
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4. Discussion
4.1. The Mechanical Behavior of PHBHV/MIS Composites

A familiar behavior in composite materials demonstrates an increase in Young’s
modulus and a decrease in failure strain and stress when increasing the fiber mass content.
This general trend was showed in many previous works [44,47–50] and it seems to be
independent from the nature of the polymer matrix. Biocomposites realized with other
bio-based matrix, such as PLA, showed an increase by 20% when reinforced with 20 wt % of
Miscanthus fibers and a slight decrease in Young Modulus for percentage over 20 wt %; the
latter probably due to the formation of aggregates [26,51]. Comparing the tensile modulus
and strength of the polypropylene (PP)-based wood fiber composites with PHBHV–wood
fiber composites, the first ones present the higher order of tensile properties [52]. As
reported in the literature, the modulus and the strength of a PP composite reinforced
with 30 wt % of wood fibers are 3.33 GPa and 27.1 MPa, respectively [53]. In the present
work, all the phenomena previously described were highlighted by simple tensile tests
(see Table 3) and by loading–unloading tests (see Table 4). For our samples, the tensile
modulus was increased by 100% and tensile strength decreased by 23% when reinforced
with 30 wt % of Miscanthus fibers as compared to neat PHBHV. These results are in line
with the classical observation that stiffer particles normally increase Young’s modulus,
but reduces tensile strength of the composite, often due to bad particle–matrix interface
properties [34]. Although the tensile modulus was calculated with the two methods, the
values obtained with tensile tests are lower from those obtained with the cyclic procedure
(Figure 3). Another important point of these tests is the difference between the slopes
of the curve during the loading and unloading phases, the latter being more important
(Figure 4). These phenomena may be explained by the fact that the matrix is subjected to
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crystallization during time. As shown through the FTIR analysis, the crystalline behavior of
the composite slightly depends on the fibers content and morphology. Moreover, PHBHV
is a semi-crystalline polymer, and changes in the microstructure of the polymer are possible
at temperatures higher than the glass transition one. In our case, the tests were carried
out at a temperature (23 ◦C) that is slightly higher than the glass transition temperature
of the neat matrix (5 ◦C), as evaluated by Lorenzini et al. [54]. A possible mechanism
occurring during the traction tests consists of different deformation steps. In particular, in
the first stage of deformation, changes occur exclusively in amorphous zones that stretch.
Successively, the crystalline areas start to slide parallel to the traction axis pulled from the
stretched amorphous zones and, at the end, the highly stretched polymer chains align with
the axis.

Since the polymer chains may vary during the loading, slopes in the loading and
unloading phases can be different from each other. The crystallization phenomenon
occurring during time was checked a posteriori using both mechanical and thermal tests.
as showed in Appendix C.

4.2. Internal Morphology and Density of the Biocomposites

The morphology of the biocomposites can be perfectly identified by SEM images.
Moreover, optical microscopy can provide important information on the effect of the
processing on the fibers. Generally, when a compatibilizing agent is not used, fibers pull
out from the matrix because of the poor adhesion between the two constituents. In the case
of the biocomposites manufactured by extrusion and injection molding, a multi-layer effect
along the cross section was also observed. This phenomenon was likely caused by the flow
of melted material in the mold during the phase of injection molding and has a clear effect
on the dispersion of the fibers in the matrix. These latter are mainly located in the upper
part of the cross section while pure matrix is visible in the lower part (see Figure 5A,B).
This effect can be explained as the result of low interfacial adhesion between the fibers and
the matrix.

The fabrication procedure, from milling to injection molding, strongly impacts the
length of the fibers, preserving their width (see Table 5). At low contents of reinforcement
in the matrix, the fibers appear intact and long, while at high levels they are reduced to
a finer powder. Keeping the rotational speed and time of mixing constant during the
extrusion process, the mechanical torque of the extruder machine was observed to increase
with the fiber content. As expected, after processing, there is a reduction in the aspect ratio
due to the breakup of the fibers during processing. Moreover, the density of the fibers, and
consequently that of the composites, is influenced by the degree of compression imposed
during the step of injection.

4.3. Numerical Simulation

For the numerical simulation, a Mori–Tanaka model was adopted considering either
cylindrical or spherical inclusions (see Section 2.4) and then implemented in a personal
code (see Sansalone et al. [55] for details). The hypothesis of cylindrical fibers seems
to be confirmed from MEB observations, while the hypothesis of a transversal isotropic
organization seems to be plausible and suggested by the method adopted to realize the
biocomposites. In particular, the injection molding procedure requires the injection of the
extruded material into a mold along the vertical direction. Fibers and polymer chains are
forced to enter into the mold and to basically align with the flow direction. Accordingly,
both the Young modulus calculated using the ROM (see Equation (4)) and the E3 Young
modulus provided by the Mori–Tanaka model with cylindrical inclusions correspond to
the fiber direction. Although the transversely isotropic model with cylindrical inclusions is
closer to the experimental results than the one with spherical inclusions (see Figure 8), it
remains a relatively rough model, showing that the reality is different and more complex
than assumed. The fibers are likely oriented in several directions, resulting in an anisotropic
material. Moreover, the method used for manufacturing the materials causes a reduction
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in fiber size with effects on their shape, the latter not being perfectly cylindrical. As
a first prospect, we could introduce damage effects in the model to take into account
microcracking that occurs at the fiber-matrix interface. Another avenue of research to
tackle the real geometry of the samples would consist of performing a direct finite element
(FE) analysis using constructed geometries mimicking the composite, or grid built from
3D micro-CT images of the composite. Finally, if aiming at describing functionalized
composites, a peculiar modelling of the force transmission trough the matrix/fiber interface
would be necessary.

5. Conclusions and Perspectives

Biocomposites from Miscanthus giganteus fibers and PHBHV were fabricated using
extrusion followed by injection molding. Tensile properties were evaluated using loading–
unloading and simple traction tests. Young modulus increased slowly for low fiber contents,
typically 5, 10, 20 wt %. This protocol could then easily be used for other type of green
composites with other matrix and/or natural fibers. It is necessary to attain 30 wt % of
fibers to observe a significant difference in the Young modulus. Although composites
appear to be more rigid when compared to the pure matrix due to the presence of the
reinforcement, they exhibit a decrease in the tensile strength. This effect can be justified by
the lack of adhesion between the fibers and the matrix, which causes a loss of mechanical
seal under tensile stress. An evidence of this lack of adhesion is that the fibers pull out
from the composites instead of being totally immersed in the matrix, as shown by SEM
images. Moreover, a difference in the Young modulus values calculated with the two
methods (tensile tests and loading–unloading tests) was observed, indicating that PHBHV
crystallize during time. This phenomenon was demonstrated by mechanical and thermal
tests conducted a posteriori on the biocomposite with 5 wt % of raw fibers at different times.

The mechanical behavior of these materials was modeled by a two-phase Mori–Tanaka
model where fibers were assumed either of cylindrical shape and oriented along the stress
axis or spherical. The first model provides a better approximation of the experimental
values of the Young Modulus, although, in reality, fibers are not perfectly cylindrical
and oriented in one direction. Indeed, fiber size [55,56], shape [56], and orientation [55]
may strongly affect the effective elastic properties of the composite and can explain the
gap between the model and the experimental behavior. A better understanding of fibers
orientation and shape via micro-CT images may be useful to implement a more accurate
model. Moreover, the realization of PHBHV-based composites with different fibers size
could be an interesting perspective in order to further improve the mechanical properties
of these biocomposites. Lastly, the adhesion between fibers and matrix can be improved by
the chemical modification of vegetal fibers or by a simple reactive extrusion [34].
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Appendix A. Identification of the Young Modulus of the Matrix

The Young modulus of the matrix was identified by inverse analysis which was then
used as input data. Our raw input data are the slopes of the force/displacement curves of
pure PHBHV samples in the unloading phase of the loading-unloading tests, see Table 4.
The average value of these slopes, i.e., 115 N/mm, was assumed to be the stiffness of the
PHBHV sample, Ks.

A 2D Comsol model was then developed to model the part of the actual sample
between the clamps of the testing machine, see Figure A1. The effective thickness of the
model was set to that of the actual sample, i.e., H = 0.93 mm, the material was defined
as linearly elastic and homogeneous, and simple traction conditions were applied on the
left and right boundaries. A parametric analysis was then performed by letting the Young
modulus of the material, Em, vary (while keeping fixed the Poisson ratio to 0.3), and the
stiffness of the sample was computed as the ratio between the total force applied on the
boundaries and the calculated elongation of the sample. The value of Em best matching the
experimental value was found to be about 1 GPa.
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Since the numerical models developed afterward focus only on the “active” part of
the sample, i.e., the central rectangular region sized L × B = 12 mm × 2 mm, a shape factor
2 was calculated to transform the experimental values measured on the whole sample
into values corresponding to its active part only. This shape factor is the ratio between the
stiffness of the active sample, i.e.,

Ka = Em × (B × H)/L (A1)

and the stiffness of the sample Ks (numerically computed). It turned out that

2 = Ka/Ks = 1.37. (A2)

Assuming that this shape factor does not change when considering a composite
sample, it allows computing the tensile modulus of composite material, Ec, based on the
experimental value of the stiffness of the composite sample, Kc, namely:

Ec = 2 × Kc × L/(B × H). (A3)

Appendix B. Estimation of Volumetric Fraction of Fibers in the Specimens

The Mori–Tanaka method requires the knowledge of the volumetric fraction of the
fibers in each composite specimen. This parameter φF = VF/VC is defined as the ratio
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between the volume of the fibers VF and the total volume of the composite VC = VF + VM,
the volume of the matrix phase being VM. Note that we can measure the composite volume
VC from the sample geometry. In order to obtain φF, we adopted an invasive procedure
in order to separate the matrix from the fibers. First of all, every specimen manufactured
by extrusion and injection molding was weighed and then solubilized under pressure
and high temperature in 100 mL of dichloromethane with a rotation speed of 200 rpm
for 30 min. After stirring, the solution was filtered and the solvent was evaporated in a
static manner. Fibers were washed twice with the same procedure in order to eliminate
the matrix attached. The matrix and the fibers were finally collected and their mass values
MM and MF were obtained. Then, knowing the matrix density ρM from the commercial
provider, the fiber density ρF, which may vary with processing due to the various degree
of compression during the injection molding procedure, can finally be expressed as:

ρF =
MF

VC − MM
ρM

(A4)

Finally, the fiber volume VF = MF/ρF can be deduced and thus the fiber volume
content φF.

Appendix C. Effect of Time on the Mechanical Properties of PHBHV-Based Composites

In order to evaluate the change in mechanical properties due to the time, traction
tests were carried out on specimens of PHBHV95MIS5 after 8 days and then after 8 months.
Results of these tests are showed in Figure A2. An increase in modulus and a decrease
in the elongation at break are visible after 8 months, confirming that the crystallization
phenomenon during time observed from other researchers is valid also for our composites.
In a second time, we used differential scanning calorimetry (DSC) as an additional analysis
to evaluate the crystalline behavior of the biocomposites; the results obtained are showed
in Figure A3. A shift in the melt temperature from 157 ◦C to 162 ◦C and an increase in
the crystallinity degree from 28% to 34% are visible after 8 months. This result is a further
confirmation of the crystallization phenomenon.
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Figure A2. Strain-stress average curves for PHBHV95MIS5 composites tested after 8 days (black
curve) and after 8 months (red curve).
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Abstract: The generation of secondary processing mill residues from wood processing facilities is
extensive in the United States. Wood flour can be manufactured utilizing these residues and an
important application of wood flour is as a filler in the wood–plastic composites (WPCs). Scientific
research on wood flour production from mill residues is limited. One of the greatest costs involved
in the supply chain of WPCs manufacturing is the transportation cost. Wood flour, constrained by
low bulk densities, is commonly transported by truck trailers without attaining allowable weight
limits. Because of this, shipping costs often exceed the material costs, consequently increasing raw
material costs for WPC manufacturers and the price of finished products. A bulk density study
of wood flour (190–220 kg/m3) and wood pellets (700–750 kg/m3) shows that a tractor-trailer can
carry more than three times the weight of pellets compared to flour. Thus, this study focuses on
exploring the utilization of mill residues from four wood species in Maine to produce raw materials
for manufacturing WPCs. Two types of raw materials for the manufacture of WPCs, i.e., wood flour
and wood pellets, were produced and a study of their properties was performed. At the species
level, red maple 40-mesh wood flour had the highest bulk density and lowest moisture content.
Spruce-fir wood flour particles were the finest (dgw of 0.18 mm). For all species, the 18–40 wood flour
mesh size possessed the highest aspect ratio. Similarly, on average, wood pellets manufactured from
40-mesh particles had a lower moisture content, higher bulk density, and better durability than the
pellets from unsieved wood flour. Red maple pellets had the lowest moisture content (0.12%) and the
highest bulk density (738 kg/m3). The results concluded that the processing of residues into wood
flour and then into pellets reduced the moisture content by 76.8% and increased the bulk density by
747%. These material property parameters are an important attempt to provide information that can
facilitate the more cost-efficient transport of wood residue feedstocks over longer distances.

Keywords: secondary processing mill residues; wood flour; wood pellets; wood–plastic composites;
physical properties; transportation costs

1. Introduction

Many forest-based industries, including sawmills and turning mills, produce residues
often termed “secondary processing mill residues”. Secondary processing mill residues are
the remnants after timber has been utilized in the wood mills for the processing of primary
products such as lumber. Secondary processing residues are usually clean, uniform, on-site
and low in moisture content and can be prepared for further utilization. Some of the
examples include sawdust, planar shavings, small chips, etc. They have several direct
or indirect applications such as the production of heat and energy, as the raw material
for particleboard, pellets or char, for agricultural use (livestock bedding), and landscape
applications. In the US, the volume of wood residues generated in 2019 was 15,288,915 m3

and the volume of wood chips and particles was 46,355,003 m3 [1]. The state of Maine
generates around 1.6 million tons of green residues from the wood mills each year. Maine
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produces roughly 800 million board feet, from which roughly 800, 000 tons of clean chips
and 800,000 tons of bark and sawdust are produced [2]. Kingsley [3] has mentioned, as
a decent rule of thumb, that for every 1000 board feet of lumber produced, 2 tons of
residues are produced, out of which 1 ton is clean chips (free from bark, adhesives, metals,
microorganism attack, etc.).

One of the applications of mill residues can be grinding them into a powder form
referred to as “wood flour” or “wood fiber”. Wood flour is a finely ground wood cellulose.
It is a highly comminuted wood material with a very fine particle size distribution typically
produced from mill residues using several grinder types and sized by mechanical or
air screening methods [4]. Wood flour is composed of fine particles passing through
a screen with 850-micron openings or 20 US standard mesh [5]. Such reduced particle
sizes can be achieved by fine grinders (e.g., hammermill, disc refiner, pin mill or chain
mill). The reduction in biomass size changes the particle size and shape, increases bulk
density, improves flow properties, increases porosity, and generates new surface area [6,7].
Compared to the other grinding mills, hammer mills have an advantage because of their
ability to finely grind a greater variety of materials [8]. Nominal biomass particle sizes
produced by hammer mill grinding depend on the processing characteristics of the mill.
The two material variables that distinguish wood flour are the species and size [9]. High-
quality wood flour can be made from hardwoods attributable to their durability and
strength. Commercial production of wood flour started in 1906, and the first commercial
product from wood flour was a gear shift knob for a Rolls Royce automobile in 1916 [10].
Wood flour uses can be grouped into absorbent, chemically reactive substances, chemically
inert fillers, modifiers of physical properties, mildly abrasive materials, and decorative
materials. Species mostly preferred for wood flour production include white pine (eastern,
western and sugar pines), aspen, spruce, hemlock and, to some extent, balsam fir, paper
birch, and the southern pines. In the US, 75% of wood flour is manufactured from white
pine. The greatest application of wood flour is its utilization as lignocellulosic fiber for
reinforcing plastics. Wood filler is compounded into the polymer matrix in order to enhance
the properties of the polymer to behave more similarly to wood than a polymer. Wood–
plastic composites (WPCs) have significant advantages from material, environmental, and
economic perspectives [11–13].

Similarly, the other application of mill residues can be as a source of raw material for
manufacturing pellets. Sources of raw materials for wood pellets include fallen branches,
thinning and broken stems from the forest, and residues generated in sawmills such as
sawdust, chips, etc. Wood pellets are 0.5–3 cm long and cylindrical (6–8 mm) compressed
materials produced in pellet mills under high pressure (≈300 MPa) and high temperature
(≈120 ◦C) [14]. Compression of the biomass or residues into pellets involves elastic and
plastic deformation of particles and softening of natural binders such as starch, protein,
lignin, fats and fibers for binding the particles together [15]. The type and amounts of
extractives contribute to the fundamental difference between the softwood and hardwood
pellets [16]. According to Calderon et al. [17], the utilization of wood pellets throughout
the world has increased from approximately 12 million metric tons in 2008 to 56 million
metric tons in 2018.

Transportation of wood flour is conducted using multi-walled paper bags (approx-
imately 23 kg or 50 lbs) or bulk bags (typically 1.5 cubic meters or 55 cubic feet) or by
bulk trailers [6]. Wood flour, being a low-density fluffy material, occupies less bulk weight
for transportation. Considering shipment to the point of destination, the cost is often
more than that for sawdust [5]. Wood flour transportation over longer distances can incur
excess shipping costs as compared to the material price. Compared to other biomass fuels,
pellets are easy to handle, store and transport [18]. Wood pellets, compared to other fibrous
materials of wood and solid biofuel materials, have an increased energy output per unit
volume [19]. The average bulk density of wood flour is 190–220 kg/m3 or 12–14 lb./ft3 [20]
and the bulk density of wood pellets is 700–750 kg/m3 or 43–47 lb./ft3 [21]. This com-
parative study shows that the average bulk density of wood pellets is four times greater
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than wood flour, which suggests the storage footprint area for wood pellets is reduced by
four times.

Very little information is available in the literature and technical sources regarding
the secondary processing mill residues and their applications. On the other hand, there
is no recent research on wood flour production from mill residues and its properties’
characterization. Studies on wood flour production are quite outdated [5,21]. This suggests
there is a wide gap to find current research on wood flour production. Nevertheless,
a comparative study of the properties of wood flour based on different wood species
and various mesh size level is still lacking. Literature regarding the applications of mm
dimension residues on the pelletization of wood pellets is abundant. However, fine micron
scale wood fibers being processed into pellets is limited in literature sources. There has
been considerable research on WPC manufacturing using wood flour and studies on
its properties, but only limited work has been reported on WPC manufacturing using
wood pellets. Butylina et al. [22] reported on the comparative properties of WPCs using
wood flour, wood pellets and heat-treated fibers in a polypropylene matrix. This study is
focused on comparing wood flour and wood pellets with the overall goal of reducing the
transportation costs of wood fillers for WPC manufacturing.

In addressing all the above-mentioned motives, one of the objectives of this study is to
produce wood flour using the clean mill residues in Maine and characterize its properties.
The characterization, i.e., the study of the morphology, moisture content, bulk density,
particle size distribution and aspect ratio of the wood flour from each of the four Maine
species (Northern White Cedar, Eastern White Pine, Spruce-Fir and Red Maple) can help
better understand their specific properties. The second objective is the application of fine
wood flour from each wood species in the manufacturing of wood pellets, and the studying
of its properties. Finally, a comparative analysis of the mill residues, flour and pellets,
focusing mostly on the parameters that affect production and transportation, i.e., in terms
of moisture and density, is carried out. This study hopes to convey how each processing
step causes a change in these material parameters. We expect this study will be a baseline
study for future work on wood and polymer composite manufacturing from different raw
materials in an attempt to gain maximum manufacturing efficiency.

2. Materials and Methods
2.1. Materials

Mill residues of around 100–150 kg typical planar shavings, sawdust, and small chips
were obtained from local wood mills in Maine. Northern White Cedar (Thuja occidentalis)
from (Katahdin Forest Products, Oakfield, ME, USA), Eastern White Pine (Pinus strobus)
from (Hancock Lumber, Pittsfield, ME, USA), Eastern Spruce-Balsam Fir (Picea rubens-Abies
balsamea) from (Pleasant River Lumber, Dover-Foxcroft, ME, USA) and Red Maple (Acer
rubrum) from (Lumbra Hardwoods, Milo, ME, USA) were obtained through on-site visits.
Figure 1 below presents the images of secondary processing processing mill residues of four
different wood species in the study area. The scale bar is 3 cm in length.These residues were
clean and free from bark, adhesives, metals, etc., and were either air-dried or kiln-dried.
These residues were utilized to manufacture wood flour and then wood pellets. The raw
material for manufacturing wood pellets, i.e., wood flour, was produced in the lab.
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Figure 1. Mill residues of (a) White Cedar (b) White Pine (c) Spruce-Fir (d) Red Maple.

2.2. Manufacturing Process of Wood Flour and Wood Pellets

A Bliss Eliminator Hammermill (Bliss Industries LLC, Ponca City, OK, USA) with a
screen size of 0.5 mm was used to produce wood flour. The residues were manually fed into
the hopper of the hammermill separately for each species. The faces, edges, and corners of
the hammers cut and shattered the material and threw it forcibly against the casing. Further
size reduction took place in the layers of the material retained on the screen. The wood
flour was then removed from the collection box. A Gilson screens haker (Gilson Company
Inc., Worthington, OH, USA) was then used for screening the wood flour fractions into 20,
40, 60, 80, and 100 mesh sizes to study different characteristics of the wood flour, including
morphology and other physical properties.

Usually, for the manufacturing of wood pellets that have other applications, for
example, as biofuels, raw materials of up to 2 mm in size are preferred. However, in our
experiments, the particle sizes were smaller (<500 µm). Several literature sources describe
material characteristics, processing methods, and production parameters for wood pellet
production [23–25]. For each species, two categories of wood pellets, one with unsieved
flour and the other with a 40 mesh size fraction, were used for the manufacturing of
pellets. The wood pellets were pelletized at the Technology Research Center (TRC), Old
Town, ME, USA. A Lawson Mills Pellet Mill LM72A (Lawson Mills Biomass Solutions
Ltd., North Wiltshire, PE, Canada) was used for the production of wood pellets. An
integrated fines removal system captured fines for recycling. This machine allows up to
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two additives for binding. Even though the capacity of the pelletizer depends on the raw
material, this machine processes as much as 160 kg of materials per hour. The ground
wood flour from the hammer mill had a relatively low moisture content as compared to the
requirement for pelletizing into pellets; therefore, water was added and mixed manually
to ensure the equal distribution of moisture throughout the wood flour. Depending on
the wood species, the moisture content of the wood flour was maintained between 10 and
15%. Maciejewska et al. [26] mentioned that the wood particles must be brought to the
moisture content of 12–17% of weight by volume as required by the pellet press. Under
high temperature and pressure, the wood flour was fed into a pellet mill and forced through
a round opening called a “die” of quarter-inch thickness where the flour is compacted to
form a solid mass of pellets. The high temperature in the machine allows the lignin in
the wood to heat and this acts as a binder for the formation of pellets [27]. Van der Waals
electrostatic or magnetic forces contribute to the process of pellet formation [28,29]. The
wood pellets were then allowed to cool.

2.3. Characterization of Mill Residues, Wood Flour, and Wood Pellets

The moisture content of the mill residues, hammer mill grindings and screened wood
flour, as well as of the wood pellets, was determined for each species. The American Society
of Testing and Materials (ASTM) Standard D4442–20 Standard Test Methods for Direct
Moisture Content Measurement of Wood and Wood-Based Materials (ASTM international,
West Conshohocken, PA, USA) was followed. Moisture content, according to ASTM D9–20,
(ASTM international, West Conshohocken, PA, USA) is the amount of water contained in
the wood, usually expressed as a percentage of the mass of the oven-dry wood. The oven-
dry method was followed where the samples were kept in the oven for 24 h at 103 ± 2 ◦C .
The moisture content of the samples was calculated using the following formula:

Moisture Content(%)
Original mass − Oven dry mass

Oven dry mass
× 100% (1)

Similar to moisture content, the bulk density was also measured for the mill residues,
hammer mill grindings, screened wood flour, and wood pellets. The ASTM E873–82
Standard Test Method for Bulk Density of Densified Particulate Biomass Fuels (ASTM
International, West Conshohocken, PA, USA) was followed. Bulk density is the mass per
unit volume of loose materials, powders and other divided “solids” at specified moisture
content levels. A wooden cube of volume 1/4 ft3 (7079 cm3) was taken and weighed to
record its weight. Then, the samples were poured with at least 5 droppings of the box from
a height of 150 mm to ensure enough settling of the samples at the bottom, and filled up to
a certain line as marked. The formula to determine the bulk density is:

Bulk Density (kg/m3) =
Weight of cubical box and sample − Weight of cubical box

Volume of cubical box
(2)

A Zeiss NVision 40 Scanning Electron Microscope (SEM) (Carl Zeiss Microscopy, LLC,
White Plains, NY, USA) with a capacity of up to 1.2 nm resolution was used to observe
the morphology of each mesh size fraction of wood flour for each species. The wood flour
samples were sputter-coated with an Au/Pd conductive layer before the SEM observations.
The thickness of the Au/ Pd coating was 6 nm. Since the particle size of wood flour is
comparatively bigger for observation using SEM images, the magnification of the images
was 50× and with a surface area of 100 µm in a high vacuum 3.56 × 10−6 Torr; the electron
source voltage was 3 kV.

A Ro-Tap Shaker (Retsch Inc., Newton, PA, USA) was used for the particle size anal-
ysis of the wood flour. The American National Standards Institute/American Society of
Agricultural Engineers (ASAE) S319.4 Method of Determining and Expressing Fineness
of Feed Materials by Sieving (ASAE, St. Joseph, MI, USA) was followed. The geometric
mean diameter or medium size of particles by the mass, geometric standard deviation
of log-normal distribution by mass in ten-based logarithm, and geometric standard devi-
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ation of log-normal distribution by mass in natural logarithm were calculated based on
the standard.

Similarly, the aspect ratio, which is the ratio of the images’ width and height that
describes the particles’ shape, was calculated for each mesh size of each species. The
small sample of each fraction/mesh size of the wood particles was placed on the black
background with a scale and the image was taken through a digital camera. Image J
software was used to express the average aspect ratio. The formula for the calculation of
the aspect ratio is:

Aspect Ratio of wood flour =
Major axis
Minor axis

=
width
height

(3)

The pellet dimensions were determined using a Vernier caliper (Master Gage and
Tool Co., Danville, VA, USA). The diameter and length of the pellets were determined. For
diameter, two types of measurement, one normal and the other with the angle of 90° of the
previous measurement, was taken. Five wood pellets for each sample were taken randomly
and the average value was calculated. Similarly, to determine the Pellets Durability Index
(PDI), ASAE S269.4 (ASAE, St. Joseph, MI, USA) was followed. A durability tester/tumbler
(Seedburo Equipment Company, Des Plaines, IL, USA) was used in the experiment and the
formula to calculate PDI is:

PDI =
Mass of pellets retained on the 1

8 inch sieve after tumbling
mass of pellets before tumbling

× 100% (4)

To measure the ash content of the wood pellets, a thermo-gravimetric analyzer (TGA)
701 from LECO Corporation (St. Joseph, MI, USA), with an operating voltage of ~230 V,
was used. To control the atmosphere inside the furnace, pneumatic gas supply/air of
3.10 bars was set up. The allowable temperature range in the TGA was 25–1000 ◦C. A
maximum of 19 samples could be analyzed per batch. To be used in TGA, the wood pellet
samples were powdered and loaded in a crucible. After 24 h, the value of the ash content
was recorded on the computer system connected to the machine (1.2x TGA701, LECO
Corporation, St. Joseph, MI, USA).

2.4. Statistical Analysis

A one-way Analysis of Variance (ANOVA) with a 0.05 significance level was used to
determine the significant differences in the means of two or more variables. The statistical
association of wood species and mesh size with the bulk density, moisture content and
aspect ratio of the wood flour was analyzed. Here, wood species and mesh size are
the independent variables whereas bulk density, moisture content and aspect ratio are
the dependent variables. Tukey’s test was performed as post-hoc analysis, whenever
applicable, to figure out which groups in the sample differ more or less.

3. Results and Discussion

Figure 2 shows the SEM micrographs of the 40-mesh size wood flour for each of
the four wood species in the study. Images were taken at 50× magnification and a scale
bar of 100 µm. SEM images of 18, 35, 60, 80, and 100 mesh sizes of wood flour, for each
of the species, are shown in Figure A1 in Appendix A. Compared to Cedar and Maple
wood flour, the flour of Pine and Spruce-Fir was finer. Softwoods are flexible, whereas
hardwoods are stiffer; furthermore, the chemical compositions between these species can
contribute to the differences observed [30]. Despite being a softwood, wood flour fibers
of Cedar appeared thicker and less fractured than the wood flour of Pine and Spruce-Fir.
The presence of extractives in Cedar could cause some lubricity during processing, thus
contributing to the observations of thicker fibers. The wood flour particles appear as
layered tube wood-like structures [31,32]. The production of wood flour results in fiber
bundles rather than individual fibers [33]. Depending on the species, differences can be
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observed in the appearance of the flour particles. Maple flour appears with a smoother
surface than the other wood species particles. In general, softwood flour fibers are long
and thin, which is attributable to the abundance of longitudinal tracheids. Hardwood
fibers are short and thick, which is attributable to the abundance of radial and axial cellular
components. Because of this, the softwood wood flour appears rougher compared to the
maple flour in the SEM images. Even though sieving was performed for a considerable
length of time, it was difficult to obtain the diameter of the particles equal to the mesh
size [34]. This results in the discrepancies in the diameters of the particles for the same
mesh size in the images.

Figure 2. SEM images of wood flour: (a) Cedar 40 mesh, (b) Pine 40 mesh, (c) Spruce-Fir 40 mesh,
(d) Maple 40 mesh.

Two parameters of wood fillers addressed in the study of WPC material properties
are the wood species and mesh size [35]. Figure 3 is a graphical representation of the
relationship between mesh size and moisture content as well as mesh size and bulk density.
Compared to other wood species, the moisture content of cedar flour was highest (8.4%),
with spruce-fir being the lowest (5.4%), and the bulk density of maple flour was highest
(268 kg/m3), with pine flour (142 kg/m3) being the lowest. In the case of softwoods, the
moisture content of the flour is proportional to the moisture of the residue feedstock. Wood
moisture content is an important controlling parameter in the manufacturing of WPCs as
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a moisture level above 1% can cause the composite to foam in the extruder, i.e., produce
microvoids of irregular and heterogeneous shapes [36,37].

Figure 3. Graphs of (a) change in moisture content with mesh size, and (b) change in bulk density with mesh size.

A one-way ANOVA test was run to determine the association of mesh size with
moisture content and bulk density. From the statistical test, it was observed that the type of
wood species had an association with the moisture content and bulk density of the wood
flour. Similarly, the test showed there is no significant difference in the values of moisture
content and bulk density with the change in mesh size of the wood flour. However, for all
species, comparatively, the 80-mesh flour had the highest moisture content and 40-mesh the
lowest moisture content. Similarly, the bulk density of 40-mesh wood flour was highest and
of 80-mesh the lowest for all species. This shows there is an inverse relationship between
moisture content and bulk density among different mesh sizes of wood flour. Patterson [38]
mentioned that wood filler size between 40 and 80 mesh is the easiest to work with in the
manufacturing of WPC products. The abnormality in the behavior of the moisture content
and bulk density of wood flour larger and finer than 40 and 80 mesh, respectively, could
also be a contributing reason.

Table 1 lists the results of the wood flour particle size distribution analysis. Wood
particle size distribution has a great role in the properties of WPCs and the study of
particle size distribution on properties has produced different conclusions by different
researchers [29]. From Table 1, it is shown that 68% of the particles are within the range of
dgw for 16th and 84th percentile. Even though the same screen size of 0.5 mm was used
in the hammer mill for grinding the residues, the mean geometric diameter of the wood
flour particles was different among the different species. Spruce-fir wood flour had the
smallest sized particles, with a geometric mean diameter of 0.18 mm, and pine flour had
the largest sized particles (0.25 mm) compared to the other species. The geometric standard
deviation of the diameter of pine flour particles was 0.10 mm, which was the lowest among
the different wood species. This might be attributable to the utilization of commercial
kiln-dried pine residues in the hammermilling process, which were highly uniform and
clean. The fineness of the wood flour particles depends somewhat on the raw material
and the manufacturing process used [6]. The resulting particle sizes obtained through the
hammermill process vary widely, which is attributable to the hammer speed, the extent of
wear on the hammer and screen, screen area, air flow, method of discharge, kind of raw
material, moisture content of the raw material, etc. [39,40].

Figure 4 is the graph of aspect ratio for the different mesh sizes of wood flour for
each species. Aspect ratio is an important characteristic of wood flour that affects the
material properties of WPCs. Typically, the aspect ratio falls in the range of 1 to 5 for
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wood flour [21,41]. In this study, the aspect ratio was in the range of 2 to 3.5. The aspect
ratio of commercial pine flour is 3.3 to 4.5 [42]. From a one-way ANOVA, a correlation
among wood species and aspect ratio, as well as mesh size with the aspect ratio values, was
not apparent. Similar to statistical results, the graph in Figure 4 shows certain variation
in the aspect ratio values for different mesh sizes of different wood species. The aspect
ratio, to some extent, is dependent on the grinding methods, moisture mass fraction, and
wood species [43]. The same authors mentioned that, in general, there is decrease in aspect
ratio with the decrease in the particle size of wood. On average, the 18–40 mesh size flour
appears to have the highest values of aspect ratio for all species and 100 mesh has the
lowest value. From the post-hoc analysis, it was observed that, compared to other mesh
sizes, 100 mesh has the greatest association with aspect ratio. This implies that, for all
species, 100 mesh size has the smallest value of aspect ratio. However, it should be noted
that obtaining pure mesh size flour fractions from the sieving process is an arduous task.

Table 1. Particles size distribution analysis of wood flour for different wood species.

Species Type Geometric Mean
Diameter (dgw) in mm

dgw for 84th
Percentile in mm

dgw for 16th
Percentile in mm

Geometric Standard
Deviation (Sgw) in mm

Log-Normal Geometric
Standard Deviation

(Slog) in mm

White Cedar 0.22 0.03 1.84 0.12 0.23
White Pine 0.25 0.03 2.56 0.10 0.17
Spruce-Fir 0.18 0.02 1.57 0.11 0.26
Red Maple 0.21 0.03 1.52 0.14 0.27

Figure 4. Relation of aspect ratio with different mesh sizes.

Figure 5 shows how the moisture content and bulk density changes with the processing
steps of mill residues into flour and then into pellets. On average, when the residues are
ground into wood flour, the moisture content is reduced by 54%, compressing wood flour
into pellets reduced moisture content by 52.3%, and overall, when processing residues
into pellets, moisture content is reduced by 76.8%. On average, the moisture content of
residues was 2.2 times higher than the wood flour, and wood flour had 3.2 times higher
moisture content than the pellets. The moisture content of residue feedstock was 7.4 times
greater than that of the pellets. This change in moisture content was significant for cedar,
contributing a reduction in moisture content of around 94% in the manufacture of pellets.
This might be because of the higher extractives and lignin in cedar contributing to higher
adhesion and bonding to form pellets. Bardfield and Levi [44] reported a decrease in wood
pellet quality when lignin together with extractive content increases above a threshold level
of 34%. Chen et al. [45] also observed the increase in bonding and overall pellet strength
with the higher percentage of extractives and lignin. Converse to moisture content, the
bulk density increases, which is attributable to processing from residues to flour to pellets.
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On average, when grinding residues into wood flour, the bulk density increased by 119%,
converting from flour to pellets, the bulk density increased by 276%, and, on converting
residues into pellets, the bulk density increased by 747%. In other words, the bulk density
of wood flour was 2.2 times greater than that of residues, that of pellets was 3.8 times
greater than that of flour, and then that of pellets was 8.5 times greater than that of the
residues. The change in bulk density was significant for pine, contributing an increase
of around 1075% in the bulk density of pellets compared to the residue feedstock. This
might be attributable to the utilization of fluffy compressed kiln dried commercial residues
of pine with a lower bulk density than the other species. Thus, on average, the moisture
content of pellets was 3.2 times less and the bulk density 3.8 times greater than for the
wood flour. Mani et al. [46] suggested the size of raw materials has an inverse relation
in the bulk density of pellets, i.e., smaller particles produce pellets with higher density
because of the larger particle surface area, and vice-versa. However, Bergstrom et al. [47]
showed almost equal densities of the pellets irrespective of the variation in particles sizes
of the raw feedstock materials.

Figure 5. Plots of (a) change in moisture content with wood processing steps, and (b) change in bulk density with different
wood processing steps.

In Table 2, the physical properties of the wood pellets manufactured using 40-mesh
wood flour and unsieved wood flour are presented. In most cases, the ash content of
hardwood pellets is around three times greater than those manufactured from softwoods.
However, we observed that cedar pellets have a greater ash content than the maple pellets,
which is attributable to the presence of higher extractives in the heartwood of cedar. Since
a quarter-inch die was used in the pelletizing process, the diameter of the pellets is near to
the value. The length of the produced pellets had a greater range of sizes. Compared to
the normal greater size of raw materials used in the pelletizing process, the particle size of
the raw materials in this study was smaller, which might be the main reason influencing
the variation in dimensions of the pellets, i.e., basically the length. Samuelsson et al. [48]
observed a smaller correlation between the pellet length and the bulk density. However,
they observed higher correlation in the effect of moisture content of raw materials to the
pellet length. On the other hand, the durability of cedar and pine pellets was highest,
which represents higher bonding of the materials in these pellets. The authors of [29,49]
reported moisture in the biomass, to a certain limit (<23%), which acts as a binder during
pelletization. Cedar and pine particles had higher moisture content than the rest of the two
wood species, which might have contributed to higher bonding of the materials.

The images of wood pellets using 40-mesh size wood flour raw material are shown in
Figure 6. Each of the scale bar is 3 cm in length. The production process of wood pellets
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from softwood wood flour was easier. For maple, during the pellet manufacturing from the
wood flour, a large number of fine particles were generated in the waste collection chamber
relative to the softwoods. Less desirable chemical composition of the particles is one of the
important causes behind the higher generation of fines [29]. This might be attributed to
the lower lignin content in maple that reduces binding of the particles and induces higher
friction during pelletization [50]. Some of the past researchers [45,51] have mentioned that
producing pellets from hardwood raw materials is arduous due to higher frictional forces in
the compression channels of the die compared to the softwoods, leading to blockage of the
pellet mill. On the other hand, researchers such as Thiffault et al. [51] have suggested that,
under adequate conditioning and pelletizing, hardwood residues can still be processed
into pellets. In our experiment, pellets from maple were manufactured successfully. How-
ever, there was significant production of fine particles during the manufacturing process.
The type and amount of extractives contributes to the fundamental differences between
hardwoods’ and softwoods’ pelletizing properties [52]. Extractive content influences the
pelletizing process and pellets’ quality [15,48]. The role of lignin plasticization when the
biomass is processing has been studied by several authors. The authors of [53,54] are
some of those who suggested that, as the temperature increases, lignin becomes more
flexible, thus increasing the flow of molecules. This results in the enhancement of surface
contact between particles, enabling the inter-penetration of polymer chain ends and seg-
ments between adjacent fibers. Consequently, new secondary bonds and entanglements
are established once the polymer is cooled down below the glass-transition temperature
of lignin. In a comparative study of the properties of pellets produced using unsieved
wood flour and 40-mesh wood flour, it was observed that using the fractionated 40-mesh
wood flour produced better quality pellets than the unsieved wood flour. This might be
attributable to the greater uniformity of the particle size distribution of the fibers for the
fractionated 40-mesh flour. The uniform size of the particles is also responsible for the
smooth appearance of the wood pellets, which increases ease of storage and transportation.

Figure 6. Cont.
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Figure 6. Wood pellets manufactured from 40 mesh wood flour: (a) White cedar, (b) White pine,
(c) Spruce-fir, (d) Red maple.

Table 2. Various properties of wood pellets pelletized from unsieved and 40-mesh flour.

Wood Species Moisture
Content (%)

Bulk Density
(kg/m3) Ash (gm) Avg. Diameter

(inches)
Avg. Length

(inches)
Avg. Range of

Length (inches)
Durability

(%)

White Cedar
(unsieved) 1.19 670 0.53 0.24 0.40 0.16–0.67 95

White Cedar (40 mesh) 2.67 699 0.45 0.24 0.40 0.14–0.73 97
White Pine (unsieved) 4.94 625 0.18 0.24 0.35 0.12–0.60 93.8
White Pine (40 mesh) 4.12 634 0.19 0.24 0.40 0.14–0.73 97
Spruce-Fir (unsieved) 1.91 624 0.32 0.24 0.48 0.19–0.93 75.8
Spruce-Fir (40 mesh) 2.57 671 0.28 0.23 0.46 0.17–0.84 82.5

Red Maple (unsieved) 3.39 705 0.41 0.24 0.49 0.17–0.93 67.2
Red Maple (40 mesh) 0.12 738 0.44 0.23 0.48 0.17–0.95 83.8

4. Conclusions

The following conclusions are drawn from the present study:

• On average, when grinding residues into wood flour, moisture is reduced by 54%,
pressing wood flour into pellets reduces moisture by 52.3%, and overall, when process-
ing residues to pellets, moisture content is reduced by 76.8%. A decrease in moisture
content is a critical factor from a transportation perspective.

• On average, the bulk density increased by 119% on the comminution of residues
into wood flour, it increased by 276% when converting wood flour to pellets, and,
when converting residues into pellets, this value increased, on average, by 747%. An
increase in bulk density is an important factor from a transportation point of view.

• Compressing fine wood flour into pellets produced pellets with a higher range in
terms of dimension, and this value varied based on species in the study.

• It was found that 40-mesh fractionated wood flour produced better quality pellets
than the unsieved wood flour.

• It is challenging to obtain the pure fractionated mesh sizes of the wood flour in terms of
dimensions and aspect ratio even after sieving for a longer period of time. Because of
the tendency of fibers with different mesh sizes to exhibit different physical properties,
it is difficult to find direct relationships between material properties.

5. Future Research Work

This study presents a characterization of wood flour and wood pellets, mostly focusing
on moisture content and bulk density, with the aim of reducing transportation costs. We
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expect that both of these raw materials have similar influence on the material properties
of WPCs. The second part of this study will involve using these raw materials as fillers
in plastics and comparing the physical and mechanical properties of the resulting WPCs.
Future research work on processing flour into pellets along with using additives used in
WPCs manufacturing, application with different polymers and different formulations, etc.
for a better comparative study is highly recommended.

Author Contributions: Conceptualization, D.J.G., Y.H. and G.P.; methodology, D.J.G. and G.P.;
software, G.P.; validation, D.J.G., Y.H. and G.P.; formal analysis, D.J.G. and G.P.; investigation, G.P.;
resources, D.J.G.; data curation, G.P.; writing—original draft preparation, G.P.; writing—review and
editing, D.J.G. and G.P.; visualization, D.J.G. and G.P.; supervision, D.J.G.; project administration,
D.J.G.; funding acquisition, D.J.G. and Y.H. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by United States Department of Agriculture (USDA) Agriculture
Research Service (ARS) with Agreement Number/FAIN: 58–0204-9–166 and Project Number: 0204–
41510-001–90S.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the necessary data are included within the article. Upon request,
the data in the article can be made available from the corresponding authors.

Acknowledgments: The authors would like to acknowledge USDA ARS project for the financial
support, School of Forest Resources at the University of Maine for the availability of laboratory
equipment and the associated lab assistants for the training and guidance. This project was supported
by the USDA McIntire-Stennis Project Number ME0–41809 through the Maine Agricultural & Forest
Experiment Station. Maine Agricultural and Forest Experiment Station Publication Number 3832.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Figure A1. Cont.

515



Polymers 2021, 13, 2487

Figure A1. Cont.

516



Polymers 2021, 13, 2487

Figure A1. SEM images of wood flour: (a) Cedar 18 mesh, (b) Cedar 35 mesh, (c) Cedar 60 mesh, (d) Cedar 80 mesh,
(e) Cedar 100 mesh, (f) Pine 18 mesh, (g) Pine 35 mesh, (h) Pine 60 mesh, (i) Pine 80 mesh, (j) Pine 100 mesh, (k) Spruce-Fir
18 mesh, (l) Spruce-Fir 35 mesh, (m) Spruce-Fir 60 mesh, (n) Spruce-Fir 80 mesh, (o) Spruce-Fir 100 mesh, (p) Maple 18
mesh, (q) Maple 35 mesh, (r) Maple 60 mesh, (s) Maple 80 mesh, (t) Maple 100 mesh.
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Abstract: Cellulose nanocrystals (CNCs) have attracted significant interest in different industrial
sectors. Many applications have been developed and more are being explored. Pre-treatment of
the suspension plays a critical role for different applications. In this study, different pre-treatment
methods, including homogenization, ultrasonication, and mixing with a magnetic stirrer were applied
to a CNC suspension. After treatment, the rheological behaviors of the treated CNC suspensions were
characterized using a rotational viscometer. The treated suspensions were then used to cast films for
characterization by ultraviolet-visible (UV-Vis) and Fourier transform near-infrared spectroscopy
(FT-NIR). All the CNC suspensions demonstrated a shear thinning phenomena. Homogenization
or ultrasonication significantly decreased the suspension viscosity compared with the suspension
mixed by a magnetic stirrer. The viscosity of CNC suspension changed with time after treatment and
settlement of treated CNC suspensions in room conditions increased the viscosity dramatically with
time. Different UV and visible light interferences were observed for the CNC films generated from
suspensions treated by different methods. The degree of crystallinity of the CNC films evaluated by
FT-NIR showed that the film from suspension treated by homogenization and ultrasonication has the
highest degree of crystallinity. Pre-treatments of CNC suspension affected the suspension viscosities
and formed film properties.

Keywords: cellulose nanocrystal; viscosity; film; homogenization; ultrasonication

1. Introduction

The interest in renewable nanomaterial of cellulose nanocrystals (CNCs) has been
growing significantly for the past several decades. Many applications have been developed
and more are being explored [1–6]. In woody biomass, CNC is the fundamental building
block in crystalline structure to form cellulose elementary fibrils (microfibrils/nanofibrils).
The cellulose microfibril/nanofibril consists of an additional cellulose amorphous region
and the amorphous region arranges alternatively with the crystalline region along the
fiber axis [7,8]. Production of CNCs from woody biomass is typically performed through
a strong acid hydrolysis of cellulose materials, digesting the amorphous region. In this
process, the cellulose source, acid reactant, and hydrolysis parameter impact the surface
chemistry and particle morphology of the separated CNC particles. Using sulfuric acid, a
stable colloidal suspension of CNCs in water can be prepared and the presence of negatively
charged sulfate half-ester groups on the CNC surface prompts a well-dispersion aqueous
suspension of CNCs [6,9–11].

CNC suspensions demonstrate unique properties due to the dispersion in water of rod
or spindle shape particles with the nanometer dimensions in diameter and length [8,12].
At different concentrations, CNC suspensions are known to form either a chiral nematic or-
dered structure (anisotropic) or a gel-like (random dispersed or isotropic) material [13–17].
The formation of an ordered structure because of self-assembly depends on CNC particle
morphology, surface chemistry, and temperature [17,18]. Ionic strength of the suspension
can also be changed by adding different ions to control the phase transition between the
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chiral nematic ordered structure and the gel-like material [19,20]. After drying to form
films, the effect of CNC suspension concentration, external shear force, and temperature
on properties of casted CNC films were observed to be critical and complex [18,21–23].
Simultaneously, the self-assembled structure of CNC particles during the drying process
of making film can be fine-tuned and customized to improve film quality, including the
properties of optical, physical, mechanical, etc. Intensive research has been conducted in
this regard for exploring the formation of multifunctional thin films from CNCs for a vari-
ety of applications [24–29]. However, the direct correlation between the CNC suspension
properties and the formed film properties has not been clearly established. In this study
effort was made to have a better understanding of the formation of CNC films through
different pre-treatments of a CNC suspension. We treated the CNC suspension first with
different methods, changing the suspension properties, mainly on viscosity. The films were
then casted from the treated CNC suspensions and were characterized. The effect of CNC
suspension viscosity change on the film characteristics was investigated.

Ultrasonication pre-treatment has been commonly employed to treat CNC suspensions
for better particles dispersion and distribution [30–40]. The well-recognized functions
of ultrasound treatment include better dispersion of individual CNC particles in the
suspension [30,33,36], fragmentation of CNC particles in length [31,32,35], and decrease of
CNC suspension viscosity [33]. Right after ultrasonication, the film casted from the CNC
suspensions has also been investigated. Drying of the CNC suspension with self-assembly
structure formed chiral nematic CNC films and the original CNC particle arrangements
presented in the suspension maintained in the formed solid film [21,41]. The ultrasonication
was observed to impact the CNC particles arrangement in the suspension and during the
film drying process. Different ultrasonication treatment parameters shifted the visible light
reflection band from the CNC films due to the change of the chiral nematic pitch. A higher
ultrasound input energy to the CNC suspension induced a greater chiral nematic pitch
for the solid film [42]. The structure change of the ordered chiral nematic domain in the
CNC suspension also led to the rheological behavior change of the CNC suspensions [33].
However, the rheological behavior change along time after the ultrasonication treatment
has not been recognized and studied. This is a critical factor to be considered when casting
films from a CNC suspension if the suspension viscosity keeps changing. The CNC self-
assembly nature would theoretically change or recover the effect from ultrasonication
treatment. This is especially a concern under the circumstance of reduced CNC suspension
viscosity caused by the ultrasonication treatment. The timing casting the CNC film from
the suspension after the treatment would also be an important factor to be studied for
controlling and optimizing the film quality.

The focus of this research was to characterize the rheological property change of a CNC
suspension with time using a rotational viscometer after ultrasonication treatment. The
effect of rheological property change of the CNC suspension on the film formation and film
properties was also evaluated in this study. Two common mechanical treatment methods
in addition to ultrasonication were also included in this study: mechanical stirring using a
magnetic stirrer and high shear homogenization. For large-scale industrial applications,
processing of suspensions using mechanical method is more widely practiced and can be
more conveniently adopted. The rheological information provided in this research would
offer significant insights to the industrial partners on processing CNC suspensions for
a variety of applications, facilitating product development and market exploration. In
this study, we used a rotational viscometer to analyze the effect of different suspension
treatments on rheological behaviors of CNC suspensions due to its inexpensive nature
and convenient operation in research laboratories and large-scale production plants. The
change of viscosity of the CNC suspension was also researched with suspension settlement
time. A novel observation was that the CNC suspension viscosity increased with time
after each treatment and the viscosity change is closely related to the treatment method
and history.
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2. Materials and Methods
2.1. Materials

CNC was purchased in suspension format at 6 wt.% from CelluForce (Montreal, QC,
Canada). The suspension was stored in a freezer at 6 ◦C after receiving.

2.2. CNC Suspension Preparation

The CNC suspension was sampled and settled in a sealed high-density polyethylene
(HDPE) container at room temperature of 22 ± 1 ◦C and relative humidity (RH) of 50 ± 5%.
After reaching the temperature equilibrium, the suspension was designated as the original
CNC suspension (CNC_O). A magnetic stirrer (Corning, Glendale, AZ, USA) was then
used to mix the original CNC suspension at room temperature with spin bar rotation at
870 revolution per minute (RPM) for one hour and the CNC suspension obtained was
named CNC_M. Ultrasonication treatment of the CNC_M suspension was performed in
a sonication bath using a VWR Ultrasonic cleaner (Radnor, PA, USA) for one hour with
the container top loosely sealed to minimize the water evaporation from the suspension
and the suspension after treatment was designated as CNC_U. Homogenization of the
CNC_M suspension was conducted through an IKA disperser T18 digital Ultra-turrax
(Wilmington, NC, USA) at 15,000 rpm for 2 min. After homogenization, air bubbles were
introduced into the suspension and magnetic stirrer mixing for another hour at 870 RPM
was used to eliminate the air bubbles. The obtained suspension was designated as CNC_H.
The homogenized CNC suspension was also treated additionally with ultrasonication for
another hour to eliminate the air bubbles and the suspension was then named as CNC_H+U.
After the treatment, all the suspensions were settled in closed HDPE containers at room
conditions for overnight for next step operation.

2.3. Rheological Property Characterization

The rheological behaviors of the CNC suspensions were characterized using an IKA
Rotavisc lo-vi viscometer (Wilmington, NC, USA). A cylindrical spindle SP1 with a spindle
guard leg was used for the apparent viscosity measurement in a 600 mL low form beaker
at room temperature 22 ± 1 ◦C. The spindle SP1 has a dimension of 18.8 mm in diameter
and 65.1 mm in length. The CNC suspension around 600 mL was required for each
measurement. The suspension holding beaker has an inner diameter of 84.5 mm. The
viscometer can rotate the spindle with a continuous speed change from 0 to 200 RPM. The
measurement temperatures were recorded by the viscometer and were observed to be
changing within 1 ◦C of the room temperature. During the measurement, spindle rotation
speeds were controlled with the torque readings changing from around 10% to 90% of the
full-scale torque of this viscometer which is 673.7 dyne-centimeters. The primary readings
from this experiment include the torque percentage and the spindle rotation speed in
RPM. The torque percentage were recorded when the reading from the viscometer became
stabilized and it took less than 1 min to get one data point. Different spindle rotation speeds
were generated during the measurement to obtain enough data points for a curve fitting
in Excel to characterize the rheological behaviors of the CNC suspensions. Depending on
the viscosities of different CNC suspensions, the spindle rotation speeds were in different
ranges and the rheological properties characterized will be limited in that shear rate range.
The applied torques were in the similar range from around 10% to 90%.

The rheological characterization was performed on all the CNC suspensions settled
overnight at room temperature in closed HDPE containers. Prior to the apparent viscosity
measurement, the suspension was poured into a 600 mL beaker carefully, avoiding intro-
ducing air bubbles into the suspension. After the initial viscosity measurement, the CNC
suspensions treated by different methods were then allowed to settle at room tempera-
ture for different time periods for follow-up apparent viscosity measurements. The first
viscosity measurement after setting the suspension overnight was designated as the data
from day one. Then, the suspension viscosity measurement conducted on day five means
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the suspension has been settled for five days since the treatment. The stability of the CNC
suspensions from the perspective of apparent viscosity was investigated.

2.4. CNC Film Preparation

The CNC_O suspension was cast directly into a polystyrene Petri dish with a diameter
of 100 mm and drying of the suspension was performed at room conditions (22 ± 1 ◦C and
50 ± 5% RH) to obtain the solid film. The volume needed in the casting process to cover
the whole surface of the Petri dish is around 10 mL. The solid CNC films for suspensions
of CNC_M, CNC_H, CNC_U, and CNC_H+U were generated using the same method
from the corresponding suspensions which have been settled in the room conditions for
overnight after each of the specific treatments. The film moisture content was measured
after drying the suspension at the room conditions to a constant weight.

2.5. CNC Film Characterization by Ultraviolet-Visible (UV-Vis) Spectrosocpy

The UV-Vis molecular absorption spectra of all the CNC film samples were collected be-
tween 190–800 nm at 2 nm spectral resolution using a Genesys 150 UV-Vis Spectrophoteme-
ter from Thermo Fisher Scientific (Waltham, MA, USA).

2.6. CNC Film Characterization by Fourier Transform near Infrared (FT-NIR) Spectroscopy

The FT-NIR spectroscopy was employed to investigate the CNC films and the diffuse
reflection spectra between 10,000 and 4000 cm−1 were collected using a PerkinElmer
Spectrum 400 FT-NIR spectrometer (Waltham, MA, USA) at a 2 nm spectral resolution and
32 scans per sample. Prior to scanning, a reference check was performed on the system
using a Spectralon reference standard. The CNC film specimens were then placed on
the NIR window with a 0.8 cm diameter which was cleaned for each run using ethanol.
The Spectralon reference material was put on top the CNC film specimen during the NIR
spectrum acquirement.

Analysis of the FT-NIR spectra to investigate the degree of crystallinity of the CNC
films was based on a method developed in the references in the FT-NIR spectra range of
7200–6000 cm−1 [43,44]. An assignment of the first overtone of O-H stretching vibration
peaks was performed according to the second derivative of the NIR spectra with wavenum-
ber in the range of 7200–6000 cm−1 [43,44]. Four regions are identified: amorphous (Am)
region at 7014 cm−1, semicrystalline (Sc) region at 6750 cm−1, and intramolecular hydrogen
bonded crystalline regions (region CI and region CII) at 6474 and 6290 cm−1. The method
developed to evaluate the crystallinity of cellulose structure used the NIR absorption peaks
of Am, CI and CII [44] and the relative degree of crystallinity (CRNIR) was calculated using
the equation below:

CRNIR =
A(CI) + A(CI I)

A(Am) + A(CI) + A(CI I)
(1)

where A(Am), A(CI), and A(CII) are the area under the NIR spectra curve in the range of
7104–7200, 6454–6494, and 6270–6310 cm−1.

3. Results and Discussion

The viscosity of the original CNC suspension (CNC_O) was also measured and
the primary readings of spindle torque kept changing during the measurement. No
consistent readings can be obtained and it is difficult to perform an accurate viscosity
measurement. The results are not shown here. The possible explanation is that the
random shaking of the suspension during the shipping process impacted the disper-
sion/distribution/agglomeration of the CNC particles in the liquid which in turn affected
the viscosity measurement process. The uneven distribution of CNC particles in the sus-
pension can be visually observed when pouring the CNC suspension into a container.
Some locations in the suspension was observed to be more transparent than other locations,
demonstrating the different concentrations of the CNC particles in different locations of
the container. The viscosity measurement of the other four CNC suspensions treated by
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different methods generated consistent results and the primary readings from the vis-
cometer for the measurement, including the spindle torque and rotation speed (RPM), are
shown in Figure 1a. A power law relationship with a high coefficient of determination (R2)
between the spindle torque and the spindle rotation speed (RPM) was observed (Figure 1a).
Rotating the spindle at the same RPM in different CNC suspensions required different
torques. Based on the power law relationships shown in Figure 1a the CNC suspension
after mixing by the magnetic stirrer required the highest torque to rotate the spindle when
compared with other suspensions. Homogenization and ultrasonication treatments signifi-
cantly decreased the torques required to rotate the spindle in the CNC suspensions at the
same spindle rotation speed.
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The viscosity can be directly read from the rotational viscometer. However, the
viscosity data from the viscometer is calculated using the primary readings of spindle
rotation torque and speed assuming that the liquid is a Newtonian liquid. Obviously, the
CNC suspensions are not Newtonian since the relationship between spindle rotational
torque and RPM is not linear (Figure 1a). In addition, many research references also showed
that the CNC suspensions are non-Newtonian [33–35]. Therefore, the viscosity data of the
CNC suspensions in this study were calculated based on a template method [45–47].

The CNC suspension viscosities (mPa·s) were plotted against shear stress (dynes/cm2)
and shear rate (sec−1) and the relationships are shown in Figure 1b,c, respectively. During
the viscosity measurement, similar magnitudes of shear stress were applied (10–90% of
the full capacity of the viscometer torque) to all the CNC suspensions. In this specific
shear stress range, the viscosities of CNC suspensions decreased with increasing shear
stress in a power law model. Under the same shear stress, the suspension of CNC_M
has the highest viscosity, followed by the suspensions of CNC_H and CNC_H+U and
the suspension of CNC_U has the lowest viscosity. When applying a same external shear
stress to the CNC suspensions, the flow behaviors of these suspensions would be different
even they have the same concentration of 6 wt.% and the same chemical components.
Under the same shear stress of 5 dynes/cm2, the viscosity of the suspension of CNC_M,
CNC_H, CNC_U, and CNC_H+U are around 402, 141, 95, and 115 mPa·s based on the
power law model calculation shown in Figure 1b. When compared with the viscosity of
the suspension mixed by the magnetic stirrer, homogenization decreased the viscosity
of CNC suspension by almost three times and ultrasonication decreased the viscosity by
more than four times. The combination treatment of homogenization and ultrasonication,
however, did not generate a direct addition effect on decreasing the suspension viscosity.
In the measured shear stress range, the suspension viscosity treated by the combination
of homogenization and ultrasonication locates between those treated by homogenization
and ultrasonication individually. The relationships between the suspension viscosity and
the shear stress are different as well for the suspensions treated by different treatment
methods (Figure 1b). The viscosity results demonstrated that different treatments on the
CNC suspension significantly impacted their flow behaviors under a same shear stress
which needs to be considered in different applications, such as using CNC suspension for
making films or coatings.

When a same shear rate is applied to the CNC suspension treated by the different
methods significant differences in the apparent viscosities were also observed and this is
demonstrated in Figure 1c with the plots of viscosity against shear rate. At the shear rate of
4 s−1, for example, the apparent viscosities of the CNC suspensions are 334, 138, 98, and
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116 mPa·s for CNC_M, CNC_H, CNC_U, and CNC_H+U. The plot of the viscosity against
shear rate in Figure 1c also showed that all the CNC suspensions are a shear-thinning
liquid with a fitted power law flow model (Oswald De Waele model) in the shear rate range
studied here. The relationship between the viscosity and shear rate and the fitted power
law models with high coefficients of determination are included in Figure 1c. In a power
law model, the viscosity of the liquid is correlated with the shear rate in the Equation (2).

η = k
.
γ

n−1 (2)

where k is the consistency index and n is the flow behavior index. For the CNC suspen-
sion, homogenization and ultrasonication treatments significantly reduced the viscosity
compared with the viscosity of CNC suspension mixed by the magnetic stirrer and this
viscosity change can be represented by the consistency indices in the power law flow
models. The consistency indices are much lower for CNC_H (179) and CNC_U (119) when
compared with that for CNC_M (416) (Figure 1c). The consistency index in the power
law flow model is directly correlated with the viscosity of the suspension [48]. In the
shear rate range researched in this study the models obtained in Figure 1c can be used
to predict the viscosity of the CNC suspensions. The shear mixing action introduced by
the magnetic stirrer can uniformly distribute and/or disperse CNC particles, originally
unevenly distributed in the original CNC suspension, to some degree and a consistent mea-
surement using a rotational viscometer can be obtained. A more dramatical shear mixing
in homogenization treatment could help to disperse and distribute the CNC particles in
the suspension uniformly to a higher degree, resulting in less agglomeration of the CNC
particles. According to the rheological theory of rigid particles in a Newtonian liquid [48],
the rate of work creating shear of a volume of material is related to the suspension viscosity
which is determined by the orientation of the rodlike particles in the suspension. When the
long axis of the particle is aligned with the flow direction the lowest rate of work needs
to be done to shear the material. On the other side, more unit energy will be needed to
shear the suspension when the long axis of the rodlike particle aligns in an angle between 0
and 180 degrees with the flow direction and the highest rate of energy is required to rotate
the particle when the long axis is perpendicular to the flow direction [48]. For the CNC
suspension, homogenization decreased the viscosity significantly, which indicates that the
treatment reduced the barrier to align the CNC particles with the flow direction, either by
enhanced dispersion or increased alignment of the CNC particles directly in the suspension.
Homogenization is a common practice used to improve particle dispersion in a suspension
and the decreased viscosity of the CNC suspension studied here demonstrated that the
rate of work required to align the dispersed CNC particles is lower than that needed for
agglomerated CNC particles.

Ultrasonication decreased the CNC suspension viscosity even further compared with
that treated by homogenization. However, there is no mechanical action to align the CNC
particles during the ultrasonication treatment. The well-known function of ultrasonication
is to enhance the dispersion [30,33,36] and decrease the particle size by rupture the rodlike
particles into shorter ones [31,32,35]. Both actions help to align the CNC particles along
the flow direction when the suspension is sheared by the spindle during the viscosity
measurement, leading to lower viscosity readings. For the CNC suspension treated by
homogenization first followed by ultrasonication the viscosity in the studied shear rate
range is between the viscosities of the suspension treated by each individual method.
After homogenization, good CNC particles dispersion and alignment can be achieved
and the following ultrasonication could improve the dispersion more and shorten the
CNC particles. The combined treatment, however, is not as effective as ultrasonication
with respect to lowering the suspension viscosity. The CNC particle alignment caused by
homogenization might change the suspension structure, offsetting or diverting the effect
of ultrasonication.

The flow behavior index of the CNC suspension also changed after homogenization
and ultrasonication, indicating the underlined dispersion, alignment, and rupture of the
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CNC particles in the suspension. Water is a Newtonian liquid (n = 1) and adding rodlike
CNC particles drives the flow behavior of the suspension away from the Newtonian flow
(n < 1 or n > 1). The negative value of n − 1 (n < 1) in the power law models of Figure 1c
demonstrated the shear thinning behaviors for all the CNC suspensions. A suspension
having a smaller value of n (smaller value of n − 1) indicates that the flow of the suspension
is relatively further away from the Newtonian flow than for the suspension having a
larger n value. The suspension processed by combination treatment of homogenization
and ultrasonication has the largest n value (0.90) followed by the suspension treated by
ultrasonication (0.86) and homogenization (0.81). The suspension mixed by the magnetic
stirrer has the flow behavior index of 0.84. During the viscosity measurement process, the
rotation of the spindle sheared the suspension at a much lower shear rate than that applied
during the mixing by the magnetic stirrer and the spindle rotation would not change the
nature of the suspension during the viscosity measurement. The flow behavior index of
0.84 for the magnetic stirrer mixed suspension reflected the suspension flow property after
mixing one hour at 870 RPM using the magnetic stirrer. Homogenization at a much higher
rotational speed of 15,000 RPM significantly changed the CNC particle dispersion and
alignment, changing the flow behavior index to 0.81. For the treatment of ultrasonication,
no further mechanical alignment of the CNC particles occurred in the suspension. However,
the CNC particle rupture changed the morphologies and dispersion of CNC [33,35,38],
possibly facilitating the particle alignment during the viscosity measurement process with
the rotation of spindle which in turn makes the suspension flow relatively more like a
Newtonian fluid (0.86) compared with suspension treated by homogenization (0.81). When
the CNC suspension was treated first by homogenization, the following ultrasonication
increased the flow behavior index further to 0.90 The viscosity of the suspension processed
by ultrasonication treatment did not decrease at the same rate with shear rate as that of
homogenized suspension (Figure 1c). High shear mechanical mixing increases the viscosity
decreasing rate with shear rate while ultrasonication decreases the viscosity decreasing rate
with shear rate. The other conclusion may be drawn is that the ultrasonication drives the
liquid toward a Newtonian flow while mechanical shearing moves the suspension toward
non-Newtonian flow.

The apparent viscosity change of the CNC suspension with time after ultrasonication
was studied. The CNC suspension settled in a sealed HDPE container was poured into a
600 mL beaker for apparent viscosity measurement and the measurement was conducted at
day five, ten, and sixty after the ultrasonication treatment. The primary reading of torque
in percentage was plotted against the spindle rotational speed in RPM and the curves are
shown in Figure 2a in a logarithm scale. When a same torque was applied to the CNC
suspension at different times after ultrasonication treatment, different spindle rotation
speeds were obtained. The longer the CNC suspension settled, the lower spindle rotational
speed was required to reach the same torque. An exponential relationship was established
to represent the torque change with RPM for the CNC suspensions (Figure 2a) and it was
observed that the fitted curves in the logarithm scale are parallel with each other up to
ten days. There is a slight shifting for the curve at the day sixty and it is not parallel with
other curves.
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The viscosity data change of CNC_U suspension with time was calculated and the
relationship between viscosity and shear rate is shown in Figure 2b. Power law flow
models were observed for all the relationships between viscosity and shear rate measured
at different time periods. After sixty days, the viscosity of the suspension increased signifi-
cantly, and it is more than ten time greater than the viscosity of the CNC_U suspension
at day one based on the power law flow model calculation for the same shear rate. The
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viscosity of the CNC suspension is a dynamic variable, changing with time. After the
ultrasonication, the dispersed and ruptured CNC particles could self-assemble into liquid
crystalline or colloidal structures [25] and this self-assembly proceeded faster due to the
lower viscosity of the suspension after ultrasonication. With the suspension settlement for
different time periods various degrees of liquid crystalline or colloidal structures would
be formed in the suspension. The strong interactions between the CNC particles in the
liquid crystalline or colloidal structures would require much higher energy to rotate or to
be sheared along the flow direction, resulting in the increase of the viscosity. The viscosity
change can be demonstrated by the consistency indices for the power law flow models.
The suspension at different times behaved differently. The flow behavior index did not
change for up to ten days (n = 0.86) and then decreased to 0.73 at the day sixty. For up to
ten days, the viscosity of CNC_U suspension decreases at the same rate with increasing
shear rate while at the day sixty, the viscosity decreases at a faster rate with increasing
shear rate. The liquid crystalline or colloidal structures formed by self-assembly of CNC
particles did not significantly change the shear thinning flow behavior of the suspension
for the first ten days and then the higher degree of self-assembly would decrease the flow
behavior index gradually until reaching 0.73 at the day sixty.

A similar test was performed on the CNC_H+U suspension. The apparent viscosity
measurement was conducted on day one, day three, day six, and day sixty. The results for
the spindle torque versus RPM are shown in Figure 3a and the plots of apparent viscosity
against shear rate are shown in Figure 3b. The results for CNC_M and CNC_H are added
for comparison. The CNC_H+U suspension showed the same changing trends with time
as demonstrated by the CNC_U suspension. The apparent viscosity of the suspension
increased with settling time and at the day sixty, the apparent viscosity is significantly
higher than that at day one. The consistency indices in the power law flow models increased
from 134, 316, 412, to 2358 from day one, three, six, to sixty. However, the flow behavior
indices for the CNC_H+U suspension in the power law flow mode did not keep the same
for any time periods and slight change was observed even for day three. The effect of
homogenization on suspension viscosity is different than that of ultrasonication and the
combined treatment of homogenization and ultrasonication would alter the CNC particle
nature existed in the suspension. Therefore, the formation of liquid crystalline or colloidal
structures would proceed in a different way than that shown in the suspension treated
by ultrasonication. After the treatment, the flow behavior of the CNC suspension kept
changing with time and the viscosity of the suspension decreases at different rates with
increasing shear rate at different times. Overall, the flow behavior index changed toward a
lower number from 0.90 at day one to 0.68 at the day sixty, moving further away from a
Newtonian liquid.

The CNC suspension stability after different treatments was also evaluated by charac-
terizing the viscosity change with time. After a settlement for sixty days, the viscosities
for the suspensions of CNC_M, CNC_H, CNC_U, and CNC_H+U were measured and the
primary readings of spindle torque and RPM are shown in Figure 4a. The relationship
between viscosity and shear rate are shown in Figure 4b. All the suspensions became signif-
icantly more viscous than before. After settlement for sixty days, suspensions of CNC_M,
CNC_H, and CNC_U were mixed using a magnetic stirrer for one hour at 870 RPM in
closed containers and then sitting at room temperature overnight for the viscosity mea-
surement. The suspension of CNC_H+U was mixed overnight using the magnetic stirrer
at 870 RPM for the viscosity measurement. The results for the viscosities are shown in
Figure 5. After mixing, the viscosities of all the CNC suspensions were reduced signifi-
cantly in the tested shear rate range. It can be seen from Figure 5 that one-hour magnetic
stirrer mixing of the CNC suspensions decreased the suspension viscosities to the viscosity
range near the initial viscosity of the suspension of CNC_M. Overnight mixing of the
suspension of CNC_H+U did not lead to a significant difference on viscosity reduction
compared with one-hour magnetic stirrer mixing did to the other suspensions. Magnetic
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stirrer can prepare a CNC suspension with a specific range of viscosity determined by the
suspension treatment history.
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A quantitative analysis on the viscosity changes for settling and mixing are sum-
marized in Table 1. All the plots of viscosity versus shear rate in Figure 5b for the CNC
suspensions were fitted with power law flow models and model parameters are shown
in Table 1. Settlement of the suspensions of CNC_M, CNC_H, CNC_U, and CNC_H+U
for 60 days increased the consistency indices in the power law models from 416, 179, 119,
and 134 to 3568, 2791, 2112, and 2358. The flow behavior indices for all the suspension
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have also decreased significantly with settlement (Table 1). After mixing with a magnetic
stirrer, the consistency indices decreased while the flow behavior indices increased. The
consistency indices decreased from 3568, 2791, 2112, and 2358 to 563, 524, 497, and 518
for the suspensions of CNC_M, CNC_H, CNC_U, and CNC_H+U, which are greater than
the consistency indices for these suspensions at day one after the treatments. Magnetic
stirrer mixing can reduce the suspension viscosity while it cannot reduce the viscosity
down to the level that the homogenization and ultrasonication did to the suspensions. This
may indicate that the magnetic stirrer cannot disassemble the formed liquid crystalline
or colloidal structures as effective as homogenization or ultrasonication. When different
treatment methods were applied to the CNC suspension, the CNC material, or the dis-
persion of the CNC particles in the suspension has been changed, resulting in different
flow responses of the liquid when the same shear stress is applied. High shear action of
homogenization and high energy sonication are capable of dispersing the CNC particles in
suspension with the possibility of dissembling the formed liquid crystalline structures to
a higher degree. After initial suspension treatment the consistency indices in the power
law flow model of the suspensions are in the order of CNC_M > CNC_H > CNC_H+U >
CNC_U and this order kept the same during the settlement and the second time magnetic
stirrer mixing treatment (Table 1). This observation possibly indicates that the treatment
history of the CNC suspension has an impact on the suspension viscosity.

Table 1. The power law flow model parameters for the CNC suspensions.

Suspension

Power Law Flow Model Parameter
(Consistency Index—k; Flow Behavior Index—n)

Day One Day 60 Mixing after Day 60

k n k n k n

CNC_M 416 0.84 3568 0.73 563 0.79

CNC_H 179 0.81 2791 0.75 524 0.83

CNC_U 119 0.86 2112 0.73 497 0.77

CNC_H+U 134 0.90 2358 0.68 518 0.79

Solidified CNC films showed different morphologies when cast from the same suspen-
sion treated by different methods. After drying at the room condition to a constant weight,
the moisture content of the films was measured to be 8.1%, 7.9%, 8.1%, 8.1% and 8.3%
for the films of CNC_O, CNC_M, CNC_H, CNC_U, and CNC_H+U and no significant
difference was observed for films generated from suspension treated by different meth-
ods. Casting original CNC suspension (CNC_O) formed warping films with deformation
wrinkles after drying (Figure 6a). After treatment with different methods, flat films were
formed for all the treated suspensions (Figure 6b) and no significant difference among
different treatments was observed. The UV-Vis spectra of the solidified films were obtained
in the range of 190–800 nm and the spectra normalized by film thickness are shown in
Figure 7. Different UV-Vis spectra were obtained for the CNC films after different sus-
pension treatment methods. In the visible light wavelength range from 380 to 740 nm the
film of CNC_O showed the strongest absorbance of light while the films of CNC_U and
CNC_H+U demonstrated the weakest interference with the visible light. The absorbance
spectra in the measurement process are calculated using the transmittance measured by
the spectrophotometer and the absorbance signal may include the reflected and scattered
light. The film of CNC_O contains many wrinkles and would generate varied reflected
and scattered light signals which makes it has the strongest visible light absorption. The
absorbance of visible light for the CNC films cast from mechanically treated CNC suspen-
sion, including magnetic stirrer mixing and homogenization, is stronger than the films cast
from ultrasonication treated suspensions (Figure 7). The CNC_M and CNC_H films have
the same visible light absorbance. In the visible light range of 380 to 450 nm, the CNC_U
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film absorb less visible light than that of CNC_H+U film while in the wavelength range of
450 to 740 nm they showed the same visible light absorbance.
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In the UV light range of 190 to 380 nm, significantly different absorbances were
observed for these films (Figure 7). Strong absorption below 200 nm is generally observed
for cellulose [49] and the same strong absorption can be seen in Figure 7 for these CNC
films. Two absorption peaks can be observed in Figure 7 at around 210 and 270 nm for the
CNC films of CNC_O, CNC_M, CNC_H, and CNC_U. The relatively weak absorption at
210 nm is associated with the carbohydrate structure of CNC, which can be regarded as
being composed of alcohol, ether, and hydrocarbon groups joined by aliphatic bonds [50].
The absorption peak at 210 nm can be identified to be at the similar magnitude in the
films of CNC_O, CNC_M, and CNC_H while in the film of CNC_U the intensity of the
peak is lower than the other three. The absorption peak at 270 nm in cellulose was
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explained in different ways from the literature. In acid treated cellulose and regenerated
cellulose, an absorption peak at around 270 nm was attributed to the carboxyl groups
formed during the treatment [51] while others attributed this absorption peak to the acetal
groups in cellulose [52]. CNC is treated by sulfuric acid and oxidation is possible to form
carboxyl group. In addition, sulfate ester group was introduced onto CNC surface and
sulfate ion demonstrated similar absorption peak at around 270 nm [53]. Therefore, the
absorption peak at 270 nm for the CNC films can be ascribed to the carboxyl and sulfate
group attached to CNC particles. For the film of CNC_H+U, the UV absorption peak
at 210 nm is overlapped with the film of CNC_U and the absorption peak at around
270 nm shifted to around 280 nm after homogenization and ultrasonication treatment of the
suspension when compared with other CNC films. The high shear forces induced during
the homogenization action followed by ultrasonication could change the structures of CNC
differently than each single treatment which would change the absorption spectrum in
the UV range, demonstrating the peak shifting. Further investigation is needed to figure
out the behind mechanism of the UV absorption peak shifting for the film of CNC_H+U.
The peak intensity absorbing at the wavelength of 270 nm can be ranked in the order
CNC_M > CNC_H > CNC_U. For the CNC_H+U film, the intensity at the shifted peak
is relatively higher than each individual homogenization and ultrasonication treatment.
Pre-treatment of CNC suspension using different methods did change the UV and visible
light absorption properties.

The original NIR diffuse-reflection spectra of absorbance versus wavenumber for
all the CNC films are shown in Figure 8a. In this study, we specifically focused on the
absorption bands in the range of 7200–6000 cm−1 and the detail spectra in this range is
shown in Figure 8b. In this wavenumber range, the spectra are mainly dominated by the
first overtone of O-H stretching vibrations [54]. In the cellulose polymer structure, three
hydroxyl groups, one primary and two secondary, are attached to each glucose molecule
and complex three dimensional structures, including amorphous and crystalline regions,
are formed through inter- and intramolecular hydrogen bonds [55]. CNC particles after
drying from suspension in air could aggregate into amorphous and crystalline structures
due to the formation of hydrogen bonds among available hydroxyl groups. Different
suspension treatment methods resulted in different suspension viscosities and are expected
to change the hydrogen bonds formation process during drying, resulting in different rates
to form amorphous and crystalline structures. The absorption intensity of each peak in the
original spectra varied for different CNC films (Figure 8b). Based on the assignments of
the four regions for different CNC films, including amorphous (Am) region at 7014 cm−1,
semicrystalline (Sc) region at 6750 cm−1, and intramolecular hydrogen bonded crystalline
regions (CI and CII) at 6474 and 6290 cm−1, the degree of crystallinity can be calculated
using Equation (1). The assigned four peaks and the three shaded areas (A(Am), A(CI),
and A(CII)) used for calculating the crystallinity of the CNC films are shown in Figure 8b.
A baseline correction was performed using the Spectrum Quant quantitative analysis
software and the area under the original NIR spectra was also calculated in the specified
wavenumber range using the same software. According to the calculation based on the
Equation (1), the degrees of crystallinity for the CNC films of CNC_O, CNC_M, CNC_U,
and CNC_H are 57% while the degree of crystallinity of CNC_H+U film is 60%. The CNC
suspension treatment through the combination of the homogenization and ultrasonication
increased the crystallinity of the dried film and a change in hydrogen bond aggregation
was possibly occurred during the film drying process. After the high shear treatment
through homogenization better dispersion of CNC particles with a specific alignment
could be generated in the suspension. The ultrasonication treatment would then change
the dispersion of CNC again and created new surfaces for further aggregation under the
preserved CNC particle alignment. Simultaneously, the ultrasonication is performed on
the CNC suspension which has a much lower viscosity than suspension treated with
magnetic stirrer. The structure change caused by the combination of homogenization and
ultrasonication is different than that treated purely by homogenization or ultrasonication.
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Other treatment showed almost the same crystallinity for the CNC film which may indicate
that these treatments did not significantly change the hydrogen bond formation process
during the film drying process.
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4. Conclusions

The rheological behavior of a CNC suspension at 6 wt.% was characterized using a
rotational viscometer. In the researched shear rate range, the CNC suspensions treated by
magnetic stirrer mixing, homogenization, ultrasonication, and combination of homogeniza-
tion and ultrasonication demonstrated shear thinning phenomena which were fitted by
power law flow models. Homogenization and ultrasonication can significantly decrease
the viscosity of the CNC suspension compared with the suspension mixed by a magnetic
stirrer. The viscosity of CNC suspension changed with time in a dynamic process after
treatment and settlement of treated CNC suspensions in the room conditions increased
the viscosity as a function of time. Mixing again with a magnetic stirrer decreased the
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suspension viscosity significantly to a different level. The flow behaviors of the suspension
also changed with treatment and settlement.

CNC films cast from the suspensions treated by different methods were characterized
using UV-Vis spectrophotometer and FT-NIR spectroscopy. Different UV and visible light
interferences were observed for the CNC films. Mechanically mixed CNC suspension
generated films with higher visible light absorption than films formed from ultrasonica-
tion treated suspension, especially in the lower range wavelengths of visible light. The
crystallinity characterization using FT-NIR showed that the CNC film obtained from the
treatment of homogenization and ultrasonication has the highest degree of crystallinity
of 60% while other films have a same degree of crystallinity of 57%. In summary, pre-
treatment of the CNC suspension did change the suspension properties and the properties
of film formed thereof. The pre-treatment method should be specified for CNC suspension
for any downstream application development, including coating, film manufacturing,
viscosity modification, etc.
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Abstract: In countries that are rich with oil palm, the use of palm oil to produce bio-based acrylates
and polyol can be the most eminent raw materials used for developing new and advanced natu-
ral polymeric materials involving radiation technique, like coating resins, nanoparticles, scaffold,
nanocomposites, and lithography for different branches of the industry. The presence of hydrocarbon
chains, carbon double bonds, and ester bonds in palm oil allows it to open up the possibility of
fine-tuning its unique structures in the development of novel materials. Cross-linking, reversible
addition-fragmentation chain transfer (RAFT), polymerization, grafting, and degradation are among
the radiation mechanisms triggered by gamma, electron beam, ultraviolet, or laser irradiation sources.
These radiation techniques are widely used in the development of polymeric materials because they
are considered as the most versatile, inexpensive, easy, and effective methods. Therefore, this review
summarized and emphasized on several recent studies that have reported on emerging radiation
processing technologies for the production of radiation curable palm oil-based polymeric materials
with a promising future in certain industries and biomedical applications. This review also discusses
the rich potential of biopolymeric materials for advanced technology applications.

Keywords: biomaterial; palm oil; radiation curing; radiation processing; surface coatings; VOC

1. Introduction

The current evolution of radiation curable bio-based materials from various oil sources
using radiation processing technologies has attracted the interest of scientists and technol-
ogists for developing novel biomaterials for diverse uses [1–6]. Synthetic polymers used
in the processing of biomaterials have certain disadvantages, such as being highly toxic,
non-biodegradable, and expensive. On the other hand, natural polymeric materials are
simple to synthesise, low-cost, biodegradable, biocompatible, non-immunogenic, non-toxic,
and biologically safety [7].

Natural vegetable oils and fatty acids that are mostly edible (e.g., palm oil, soya
oil, jojoba oil, rapeseed oil, olive oil, and canola oil) have been widely used in the de-
velopment of polymeric biomaterials, such as in coatings, lubricants, agrochemicals, and
plasticisers [8–10]. The presence of carbon double bonding (-C=C-) in vegetable oils makes
it easy to function with reactive groups, such as epoxy, hydroxyl, carboxyl, and acrylate,
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which allows the preparation of polyurethane, elastomers, plastics, and pressure-sensitive
adhesives (PSA) [10–12]. Therefore, it has given attractive benefits to vegetable oils, unlike
the toxic, costly, and non-environmentally friendly feedstocks taken from petroleum. Palm
oil is among the most attractive renewable alternatives, and palm oil’s inherent biodegrad-
ability is also a desirable feature in the context of rising environmental concerns compared
to petroleum-based products concerning to minimising production costs and maximising
inputs and outputs, such as food supply, water management, recovery of energy and
products, and waste treatment [13]. Indonesia, Malaysia, and Thailand being the largest
producers of palm oil in ASEAN countries will contribute to a significant field of palm oil
industry for the oleochemical market.

Fatty acids, methyl esters, fatty alcohols, and fatty amines (Figure 1i) derived from
natural oil are essential building blocks for the production of polyurethanes, surfactants,
lubricants, and other products in the oleochemical industry (Figure 1ii). Therefore, the
palm oil industry plays a crucial role in contributing to environmental sustainability and
helps to reduce poverty of millions of palm oil workers and their families. Besides, these
based sources have essential chemical compositions and ingredients for the development
of food and non-food products.

Figure 1. Palm oil used in oleochemical industry: (i) chemical products (ii) and formulated products by applications.

The development of radiation curable palm oil-based biomaterials seems to be one
of the potential future applications of palm oil products, as this novel material has the
potential to contribute positively to the palm oil industry. Expansion of the existing
applications of palm oil products into the pharmaceutical industry is of interest because
palm oil is an edible vegetable oil with excellent physicochemical properties, such as ability
to modify chemical composition for biomaterials development. Likewise, other palm
oil-based products, such as refined-bleached-deodorised (RBD) palm oil, palm oil, and
palm stearin are abundantly available in Malaysia. They are known to be economical,
sustainable, and environmentally biodegradable [3]. Palm oil is consumed worldwide
as food products and has positive health properties, including antioxidants, anti-cancer,
cholesterol-reducing effects, and is biologically active as pro-vitamin [14–16]. These palm
oil-based products are promising prospects for manufacturing biomaterials that become
alternative products to other polymers from synthetic/chemical-based.

Meanwhile, radiation processing technology has been reportedly used to modify the
properties of materials in either bulk or surface structures with the aim to produce novel
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materials and products that pose desirable structures and properties [17–20]. Radiation
processing can be properly controlled based on its delivery dosage, penetration depth,
time of exposure, and raw material(s) used. This radiation method is known for its
simplicity, rapid process, easy to control, and efficient for sterilisation. It is also a solvent-
free process with low or no volatile organic compounds (VOC) and require fast-curing
at room temperature only. These advantages allow the synthesis to be performed at low
energy and require minimal working space. Radiation is also a particular energy source
which can cause chemical reactions at any temperature (including ambient temperature),
pressure, phase (gas, liquid or solid), and without assessment of a catalyst [21].

The general advantages of radiation processing techniques are simple process control,
cost-effective, and safe for the environment. Therefore, these techniques are commonly used
for modification of polymeric materials, polymer cross-linking, monomer and polymer
curing, polymer grafting, and polymer degradation. These techniques are being utilised to
develop new materials and advanced products, for example, nanomaterials and lithography
(nanogels, metal nanoparticles, carbon nanotubes, nanocomposites), for different branches
of industry [22,23]. Besides, radiation processing using gamma, electron beam, and UV
sources have being explored and used for preservation and protecting cultural heritage
artefacts, including desinsection, disinfection, restoration, and conservation to prevent
further decay and damage [24].

Due to numerous benefits, this review is formulated to focus on the radiation curable
palm oil-based materials prepared from radiation processing technologies. Critical discus-
sions are presented in this review, especially on the palm oil-based polymeric sources, such
as acrylate, polyol, and polyurethane, their properties and present use. The fundamental
of radiation engineering for the production of biomaterials and their possible usage in
various present and future applications are also discussed. This review is specifically
aimed to strengthen the biomaterials benefits and potential applications in comparison
to the well-known synthetic polymers. It is also especially aimed to reinforce radiation
processing technology to be used for converting radiation curable palm oil-based products
into novel biomaterials.

2. Fundamentals of Radiation Processing in Polymeric Biomaterial Design

Radiation-induced material changes are dependent on the source and form of the
radiation and the energy deposited [25]. Radiation is classified into two primary classifica-
tions, which are non-ionising and ionising radiations. Ionising radiation is extraordinarily
energetic and has sufficient energy as particles and electromagnetic waves to ionise a
material molecule. Non-ionising radiation is the term used for radiation in the electromag-
netic waves, where insufficient energy is required to induce the ionisation that requires a
photo-initiator. The method of energy deposition relies on the source of radiation, such
as particulate radiation (including electrons, positrons, protons, neutrons, and ions) or
electromagnetic radiation (including infrared, visible and ultraviolet radiation, and X-rays
and gamma rays).

Polymer irradiation is an industrial process that is very useful. It is an alternative to
more conventional chemical processes in which the method may induce or modify the
properties of the material. Primary interactions of polymers (either natural or synthetic
polymers) with ionising radiation include ionisation, excitation of molecules and atoms,
stabilisation of electrons by the generation of hot electrons, ion neutralisation, and free
radical formation. These result in the formation of excited states of reactive intermediates,
free radicals, ions, atoms, and molecules, as shown in Figure 2.

In non-ionising radiation, such as UV radiation, free radicals are produced typically
by hydrogen abstraction when the photo-initiator is exposed to UV light (Figure 3a).
Radicals formed during the initiation step (Figure 3b) propagate further via a free radical
process (Figure 3c). Figure 3 demonstrates the mechanism of the reaction of the free radical
formation by photo-initiators.
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Figure 2. Primary processes occurring of polymer in ionising irradiation. * P is a polymer and R• is a
radical. Source: Adapted Vasile and Butnaru [26].

Figure 3. Primary mechanism of free radical polymerisation under UV radiation of (a) photolysis,
(b) initiation, and (c) propagation.

In the case of polymer in a dilute aqueous solution, the primary reaction involves
the radiolysis of water, where water molecules absorb the energy of ionising radiation.
This reaction results in the creation of reactive intermediates: hydroxyl radicals (•OH),
hydrogen atoms (H•), hydrated electrons (e−aq), hydrogen ion (H+), hydrogen peroxide
(H2O2), and hydrogen molecule (H2) (Figure 4).

Figure 4. Primary process of radiolysis of water under irradiation. Source: Adapted Rosiak and
Ulanski [27].

Furthermore, the subsequent interactions include either the transfer of electrons;
the abstraction of hydrogen atoms; or the addition of C=C, C=N, C=S, aromatic rings,
or an electron-rich functional group. This process contributes to the creation of radical
sites in the polymer chain. It also allows the macroradicals to follow several different
pathways of reaction, such as chain scission, hydrogen transfer, inter- or intramolecular
recombination, and disproportion, which ultimately result in the formation of oxidised
products, branching, grafts, scission/degradation, or cross-linking of the main chains of
polymers, as shown in Figure 5 [28].

Chain branching forms a growing chain of polymers from the original chain of poly-
mers, cross-linking forms an insoluble three-dimensional network of polymers, whereas
degradation or scission involves the breaking of chemical bonds on the polymer backbone.
These schemes of chains can be seen in Figure 5. Chain branching and cross-linking pro-
cesses increase the polymeric molecular weight, while degradation or scission causes the
initial molecular weight to be reduced. Overall, radiation processing technology is widely
used to modify the material properties, and novel materials with desirable structures and
properties can be produced as well.
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Figure 5. Scheme of chain branching, cross-linking, and chain scissioning.

3. Radiation Curable Palm Oil-Based Materials

Bio-based materials produced from vegetable oils via radiation curable process have
received great attention for various applications in recent years. Palm oil, in particular,
is directly obtained from the red-orange mesocarp of oil palm Elaeis guineensis fruit. It is
edible and used worldwide as the main ingredient in many food products [29]. Palm oil has
a complex mixture of triglyceride compounds, which can be seen in Figure 6. It is composed
of fatty acids, including palmitic, stearic, myristic, oleic, and linoleic acids (Figure 7).

Figure 6. General chemical structure of palm oil (-R can be represented by palmitic, stearic, myristic,
oleic, and linoleic).

Figure 7. Chemical fatty acids structure in palm oil (C-C: saturation; C=C: unsaturation). It has
high levels of saturated fatty acids, about 50% of which include palmitic (44.3%), stearic (4.6%), and
myristic (1.0%). It also contains around 38.7% of oleic acid monounsaturated fatty acid and 10.5% of
linoleic acid polyunsaturated fatty acid. Source: Adapted from Amir Reza, Suraya, and Azmi [30].
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In the recent past, palm oil has gained significant interest and been extensively re-
searched for nutritional, medicinal, and chemical applications, such as antioxidant activi-
ties, cholesterol-lowering benefits, anti-cancer effects, protection against atherosclerosis,
emulsion and cosmetic formulations, and non-food products [31]. The palm oil products,
such as polyol [32] and epoxidised palm oil acrylate (EPOLA®) [33], which are referred
as Acrylated Palm Olein (APO) [34], have received considerable interest in many applica-
tions, such as surface finishing, packaging, automotive, and biomaterial (Figure 8). These
products have shown remarkable physicochemical properties, as reported in many studies,
which have been summarised in Table 1. The molecular weights and functional groups
of polyol ester and APO play a vital role in the development and determination of the
properties of the new products. They possess low molecular weight of below 5500 Daltons
and hydrocarbon chains with ester compounds that could play a big role in hydrolytic
degradation process. This inherent property could give additional biodegradability of
APO and polyol ester compared to petrochemical-based polymers or synthetic polymers.
Besides, their chemical structures, such as carbon double bonds (-C=C-) and hydroxyl
groups (-OH), are also essentially useful in fine-tuning and developing new products with
unique properties.

Figure 8. The general chemical structure and products of (a) polyol ester and (b) APO.

Table 1. The physicochemical properties of APO and polyol ester.

Type of Palm Oil-Based Products APO [34] Polyol Ester [32]

Acid value (mg KOH/g oil) 8.37 39.74
Saponification value (mg KOH/g oil) 221.89 297.00

Hydroxyl value (mg KOH/g oil) 46.41 182.51
Ester value 209.14 257.26

Viscosity (cps) 1774.67 1006.33
Molecular weight (Daltons) 1750.04 5004.00

Colour Brownish Dark

Many studies have demonstrated that EPOLA®, APO and polyol have shown promising
characteristics in applications for radiation processing technology. For example, the presence
of carbon double bonds in EPOLA® and/or APO are reactive sites to promote modification of
materials through radiation technology, such as via UV and gamma radiation. Upon exposure
to radiation, these bonds then form cross-linked structure that can give enormous properties
to new products (refer to Figure 9a). Moreover, the polyol reactive hydroxyl group provides
a medium for chemical modification and surface functionalisation. Palm oil-based polyols
with functional hydroxyl groups, for instance, have been widely used to modify polyurethane
products (the image can be seen in Figure 9b) [35].
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Figure 9. Application of acrylated palm oil and polyol in (a) radiation polymerisation of EPOLA® or
APO and (b) isocyanation of polyol in polyurethane production.

Concurrently, Figure 10 shows the recent applications of advanced radiation curing
technology utilising palm oil-based materials. EPOLA® can been seen to produce radiation-
curable products, such as coatings (refer to Figure 10a) [36], pressure-sensitive adhesives
(refer to Figure 10b) [37], printing inks and overprint varnishes [38], while APO is used to
develop drug delivery systems. Meanwhile, polyols based on palm oil are used to produce
polyurethane for the manufacture of foams, elastomers, plastics, and cast and injection-
moulded components. These show that radiation-curable products based on palm oil have
many usages for different sectors, such as agricultural, military, automobile, manufacturing
and medical [10,37]. Next, descriptions of the application of radiation processing for the
production of radiation-cured palm oil products for usage in various future developments
will be addressed in the following section.

Figure 10. Radiation-curable of palm oil-based products with UV curing. (a) Acrylated and polyurethane resins for wood
coating; (b) Polyurethane resins for PSA. Source: Unpublished data.
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4. Current Application of Radiation Curable Palm Oil-Based Polymeric Materials
4.1. Surface Coating

The production of EPOLA® and polyol-type polymers is believed to ultimately elimi-
nate a large portion of the supply of petroleum-based polymers. Since they are derived
from natural resources, their usages seem to be potentially cost-effective for developing
natural polymers compared to petroleum-based polymers. This is because palm oil is
a sustainable resource and has a reliable manufacturing line for production of raw ma-
terials. Besides, a majority of acrylic and polyol-type polymers currently in the market
are petrochemical-based. Therefore, these innovations could boost industries that utilise
polymeric coatings to focus on using sustainable commodities, such as from palm oil as
potentially cheaper feedstocks, rather than petrochemical-based substances that are usually
costly and non-sustainable [3].

Radiation-curable materials, such as EPOLA®, polyol, and polyurethane have shown
inherent properties for application in coating industries, which include its physicochemical,
environment, and chemical resistance, thermal and mechanical properties [2,3,39–46].
Thermal stability and mechanical properties are mainly referred in the characterisation of
the surface coating’s thermal durability and reliability. Negligence in considering these
properties would result in products cracking, delamination of the layers, and products
deformation. These properties play a critical role in controlling the deposited coating
elements in order to ensure that the quality of the substrates is maintained.

The thermal and mechanical properties of EPOLA® and polyol-based products and
their most promising applications upon exposure to UV irradiation are summarised in
Table 2. Based on Table 2, EPOLA® is seen to be widely used in various types of applica-
tions, such as surface coating resin, overprint varnish, adhesive, inks, and thermoplastic
production. In contrast, polyol is used in miscellaneous polyurethane materials, such as
ceiling panels, flora foams, polyurethane sheets, wall panels, roof insulators, laminated
boards, adhesives, coatings, cushion, flexible foams, and automotive parts [3,47–50]. Mate-
rials based on EPOLA® and polyol are produced from products based on palm oil, such
as epoxy palm olein and oleic acid. They are specially developed as radiation curable resin
for making surface coating products. Next, the hardness test results presented in Table 2
shows that the acrylic and polyurethane resins based on EPOLA® have nearly identical
ranges of deformation resistance properties as compared to polyol-based polyurethane.
Meanwhile, the polyol-based polyurethane also displayed lower temperature degradation
as compared to the resins-based EPOLA®. Different thermal and mechanical properties
presented in Table 2 were attributed to various processing and formulation methods for
ingredients, photo-initiators, and absorbed radiation dose of the resin products developed
from EPOLA® and polyol.

The substitution of radiation-curable resins from palm oil is known to substitute
petrochemical-based resins with multifunctional developmental coating resins. Multifunc-
tional coatings can provide additional durability advantages, including surface resistance
to mildew, fungus, bacteria, and microorganisms; anti-fouling without metals; super-
hydrophobicity; self-healing anti-corrosion; self-healing scratch repair; and thermochromic.
Such features can open up modern, evolving applications of radiation-curable palm oil-
based resin, such as in automobile, aerospace, and telecommunication devices; military and
heavy-duty equipment; and agricultural machinery. The radiation-curable palm oil-based
materials also gained strong attraction due to their variety of use, not only in coating,
over print varnishes, ink, and adhesive industrial applications but also in the medical
industry in particular to fulfil the needs for the production of biomaterial from natural
resources relative to petrochemical source materials that tend to cause toxicity. Therefore, to
ensure that the safety and effectiveness of these biomaterials are acceptable for the delivery
of drugs throughout the human body, the production of a drug delivery system using
radiation-curable palm oil-based materials was foreseen relevant.
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Table 2. The thermal and mechanical properties of the EPOLA® and polyol-based products.

Developed Products Thermal and Mechanical Properties References

Acrylated resin from epoxidized oil
(EPOLA®-based products)

Adhesion: 1.15 MPa
Pencil hardness: H-2H [51]

UV curable PSA of maleinated acrylated epoxidized
palm oil

(EPOLA®-based products)
Good and high adhesion properties [52]

UV-curable polyurethane coating
(EPOLA®-based products)

Adhesion: 0.5–1.5 MPa
Pencil hardness: B and 2B

Volatile organic compound: 5–15%
[53]

UV radiation-curable acrylic resin
(EPOLA®-based products)

Degradation: 250–550 ◦C
Pendulum hardness: 60%

Tensile strength: 5.2–6.2 MPa
[42]

UV-curable acrylated coating
(EPOLA®-based products) Pendulum hardness: 55–75% [43]

UV radiation-curable polyurethane resin
(Polyol-based products)

Degradation: 200–455 ◦C
Pencil hardness: B-2H [48]

UV/EB-curable acrylated coating
(EPOLA®-based products)

Scratch resistance: 0.1–0.9 N
Pendulum hardness: 5–50%

Pencil hardness: B-6H
[54]

UV curable acrylated polyol ester prepolymer
(EPOLA®-based products) Pendulum hardness: 49.4% [55]

4.2. Drug Delivery Systems

In recent years, palm oil has received considerable research interest in the delivery
of drugs. This is supported by the summary presented in Table 3 that outlines the latest
production of micro- or nano-scale palm oil-based products used in drug delivery. The
summary shows that the standard techniques for the development of the micro- or nano-
scale palm oil-based products include double casting, emulsion, micro-emulsion, nano-
emulsion, high pressure homogenisation (HPH), particles from gas saturated solutions
(PGSS), free thaw, thin-film hydration, laser ablation, and radiation techniques to be
used in drug carrier field. Table 3 also summarises the current strategies for designing
pharmaceutical products that utilise palm oil-based materials using different methods.

The results summarised in Table 3 also shows that palm oil-based products developed
using different techniques stated above are capable of producing less than 500 nm of
particle size. The produced particles in this range of size are found to be highly useful for
oral, transdermal, topical, parenteral, pulmonary, antibacterial, and drug delivery systems,
especially for breast cancer. Microemulsion is found as the most commonly used technique
in manufacturing pharmaceutical products due to its low-cost, simplicity, efficient method,
and affordability. On the other hand, the combination of microemulsion and radiation
processing techniques has been announced recently as a promising strategy for creating
a new type of drug carrier [17,27,28,56–58]. Using these combined techniques, the three-
dimensional (3D) network structure and nanoparticles from the palm oil-based products
such as APO and polyol ester has been developed.
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Table 3. Current development of palm oil-based products in drug delivery.

Product Development Methods Properties Potential Application References

Palm oil-based
paracetamol suppositories Double casting More than 95% drug release Oral delivery [59]

Transparent microemulsion from palm
oil-derived isopropyl palmitate (IPP)

with Tween 80 and 1- butanol
Microemulsion

Particle size <150 nm
pH: 6.76 to 7.80

Charge: −32 to −75 mV
Storage stability for 4 weeks.

Transdermal and
Topical [60]

Palm oil based-organogels and
microemulsions from palm oil, span

80/tween 80 mixture (organogel)
and water

Microemulsion Highly haemo-compatible
Non-irritant Topical delivery [61]

Palm oil and soy oil-based organogels Microemulsion Good spreadability and vscosity profile
highly biocompatible Topical delivery [62]

Palm Oil Esters (POEs)-based
nanoemulsions Microemulsion Less than 500 nm Topical delivery [63]

Palm oil esters (POEs)-based
nano-cream Microemulsion

Less than 130 nm
−20 mV
Stable

Topical delivery [64]

Microspheres encapsulating terbutaline
sulphate nanoparticles using

hydrogenated palm oil
Emulsion 3.9 um Pulmonary delivery [65]

Palm oil-based nanoparticle Microemulsion
and ionizing radiation Particle size: 70–220 nm Preliminary study for

oral delivery [66]

Solid lipid nanoparticle (SLN) using
varieties of emulsifier of palm oil (S154)

and lecithin (Lipoid 100)

High pressure
homogenization

(HPH)

Particle size: 140–300 nm
Zeta potential of about −13 and −20 mV

uniform size distribution
Colloidal drug delivery [67]

Microcomposites
theophylline/hydrogenated palm oil

Particles from gas
saturated solutions (PGSS)

Mean particle size: 2.5–3.0 um
Contain initially from 0.5 to 3.5% (weight)

of theophylline
uniform size distribution

Controlled drug
delivery systems [68]

Palm oil-based Liposomal Dox
(Doxorubicin hydrochloride) Freeze-thaw

(a) Distribution sizes of 438 and 453 nm
(b) Zeta potential of about −31 and −32 mV

Stability

Breast cancer delivery [69]

Palm oil-based liposome Thin film hydration

(a) Mean particle size: 340–450 nm
(b) Zeta potential: −26 to −33 mV
(c) Stable

Biodegradability

Drug delivery device [70]

Palm-oil-based Liposomal Dox
(Doxorubicin hydrochloride) Freeze-thaw

Distribution sizes of 438 and 453 nm
Zeta potential of about −31 and −32 mV

Stability
Breast cancer delivery [71]

Palm oil-based liposome Thin film hydration

Mean particle size: 340–450 nm
Zeta potential: −26 to −33 mV

Stable
Biodegradability

Drug delivery device [72]

Silver nanoparticles Laser ablation 2.5–2 nm
Nanocomposite
fabrications and

antibacterial
[71]

Gold nanoparticles Laser ablation 8–20 nm Drug delivery device [30]

The development of drug delivery systems via radiation of materials, such as poly-
meric micelle and nanoparticles has been preliminary initiated using APO. Gamma-induced
cross-linking has been successfully conducted on different types of APO’s microemulsion
for developing the micro/nanoparticles [72]. These nanoparticles were dispersed in aque-
ous media at the critical micelle concentration of the surfactant and exposed to gamma
irradiation to generate the nanoparticles. Figure 11 shows the TEM images of APO nanopar-
ticles produced via gamma irradiation. The use of gamma-ray irradiation induces the
hydroxyl radical forming in water to promote the double bond of acrylate carbon in APO
that facilitates the formation of cross-link C-C bonds. The disappearance of the acrylate car-
bon double bond (-C=C-) at peaks 1641, 1620, 1409, 981, and 817 cm−1 analysed using FTIR
indicate that the APO nanoparticles have undergone cross-linking after the irradiation, as
shown in the CTAB microemulsion system in Figure 12 [66]. These findings showed that
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the irradiation technique could be used to produce nanoparticles for usage in drug carriers
of below than 100 nm particle size, as confirmed in TEM images presented in Figure 11.

Figure 11. TEM images of the gamma-irradiated APO nanoparticles at different surfactants’ microemulsion system. APO
composition of 0.18% in the microemulsion produces a variety of sizes of nanoparticles, such as 47–53 nm in the sodium
dodecyl sulphate (SDS), 27–40 nm in the Pluronic-127 (PF-127), and 50 nm in the cetyltrimethylammonium bromide (CTAB)
microemulsions. Source: Unpublished data.

Figure 12. FTIR spectra of APO/CTAB matrix (a) non-irradiated; (b) irradiated at 25 kGy.

Furthermore, Sadrolhosseini et al. reported on gold nanoparticles (Au-NPs) synthe-
sised from palm oil using green and simple laser irradiation techniques [30,73]. Using the
electron transfer from the carboxylic group to Au-NPs, the tail of the carbonyl band of palm
oil was used as a capping agent for Au-NP. Gold nanoparticles with a particle size ranging
from 8.92 to 19.73 nm were formed in the spherical shape of palm oil. These Au-NPs have
a wide range of applications in drug delivery, microelectronics, environments, photonics,
electronics, photodynamic therapy, therapeutic agent delivery, biosensors, sensors, medical
diagnosis, and catalysis.

In recent a study by Tajau et al., gamma irradiation-induced RAFT was used for the
development of targeted copolymer nanoparticles using APO and polyol ester as reactants
of starter polymer matrices (Figure 13) [74]. The poly(APO-b-polyol ester) nanoparticles
are made from palm oil products using the RAFT technique induced by gamma radia-

551



Polymers 2021, 13, 1865

tion. These copolymer nanoparticles are potentially used in drug delivery systems for
breast cancer.

Figure 13. Peptide functionalised- and paclitaxel-loaded poly (APO-b-polyol ester) nanoparticles
against MCF-7 cells. (a) Peptide was functionalised to poly(APO-b-polyol ester) nanoparticles using
chemical conjugation technique and was loaded with paclitaxel; (b) Promising results were shown
where the functionalised nanoparticles were found to be able to cause inhibition of human breast
cancer cells. Source: unpublished data.

Reports also showed that various copolymers were developed using oleic acid (OA)
by RAFT polymerization [75–77]. Previously, Zengin et al. developed hybrid silica-coated
magnetic nanoparticles using oleic acid as a stabiliser via RAFT polymerization [75,76].
The surface-mediated RAFT polymerisation approach enables for synthesising less than
20 nm hybrid composite particles size. These particles have displayed superparamagnetic
properties (saturation magnetisation = 35.4 emu g−1) and precise identification of molec-
ular cholesterol. These nanoparticles could become a single magnetic domain at such a
small scale and perform like a single super spin that shows strong magnetic susceptibility,
enabling these nanoparticles to have a better and faster magnetic reaction relative to bulk
magnets because under the control of an applied magnetic magnet, these superparamag-
netic nanoparticles imprinted with cholesterol would contribute to the recovery of spiked
human serum, milk, yolk, and beef for use in cell sorting, biomolecule enrichment and
isolation, and drug delivery applications [76].

Meanwhile, a pH-responsive supramolecular graft copolymer micelle (Dextran-g-
OA) composed of dextran and poly (oleic acid) was produced by Karmakar et al. via
RAFT polymerization [77]. The Dextran-g-OA micelle of less than 300 nm in particle size
demonstrated good loading efficacy and excellent release features to nifedipine for the oral
delivery system. It also showed its cyto-compatible nature towards MG-63 cells for gastro-
retentive drug delivery system. Nifedipine is used for the treatment of high blood pressure,
cardiovascular disease, and chest pain relief. Comparatively, short gastric emptying time in
humans may result in an incomplete release of Nifedipine from the existing drug delivery
system that leads to a decreased effectiveness of the administered dose. As a result, this
discovery could solve existing concerns to improve the effectiveness of nifedipine delivery
to specific organs [78].

The RAFT polymerisation is a useful tool in the development of engineered poly-
meric materials due to its ability to perform at room temperature, aqueous media, and a
controllable initiation process. However, the synthesis of copolymeric nanoparticles of
the radiation-curable palm oil-based materials has yet to be widely reported primarily
through radiation and RAFT techniques. Therefore, the usage of radiation and RAFT
techniques for the development and modification of palm oil-based materials is also known
to have a significant potential for drug delivery application. This review is functioned to
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explain further on this technique for producing palm oil-based copolymers nanoparticles
for cancer therapy.

Besides, in the following section, it is highlighted that APO is not only a drug nanocar-
rier, but it also can be used in the production of biopolymeric scaffolding materials for use
in medicine for the reconstruction and replacement of tissues and organs. Therefore, the
use of APO in the production of drug delivery system and scaffolding is found necessary
to replace existing synthetic medical devices due to safety and local cost concerns.

4.3. Scaffolds

Radiation technologies play important roles in the development of tissue engineering,
including the preparation and optimisation of instructive scaffolds. A new photopolymer
resin prepared from APO resin has been formulated using a micro-stereo-lithography
technique to be used in the manufacturing of tissue scaffold with a regulated microstructure
and bioactivity, tailored porosity structure as well as inclusion phase shape and size [79].
The manufacturing of a tissue scaffold is carried out by an additive layer process in which
the 3D object is sliced into a series of 2D layers with each of these layers produced until
the 3D part is formed. Current calibration printing studies are performed using 100%
poly(ethylene glycol) dimethacrylate (PEGDMA) with a photo-initiator present in each
resin formulation using UV light. The appropriate design of the engineered tissue scaffold
is carried out using CAD (computer-aided configuration) software. Figure 14 provides
examples of scaffold products manufactured from APO using a micro-stereo-lithography
technique. The generated tissue scaffolds, i.e., hearing aid and 3D denture, were predicted
to have a controlled bioactivity due to starter scaffolding matrices made of radiation-
curable palm-based materials that make it safe, biodegradable, and biocompatible as well
as possess the desired porosity and mechanical properties [80].

Figure 14. CAD model design using microstereolithography technique for (a) hearing aids and (b) 3D dentures. Source:
Adapted from Tajau and Talib [80].

Meanwhile, acrylic-based polymers, such as polyacrylic acid (PAA), are well known
for their excellent biocompatibility and efficiency in mechanical properties. This has
benefitted their usage for various significant biomedical applications, such as contact
lenses, corneal prosthesis, bone cement, tissue engineering, nanofibres, nanocomposites,
and nanoparticles [81]. Modification of polyacrylic acid using irradiation is especially
useful for improving the properties of scaffolds based on acrylic. Radiation techniques
have been reported as reliable methods for acrylic-based hydrogel synthesis for manu-
facturing of engineered tissue scaffolds [81]. For example, a cross-linked PAA hydrogel
synthesised by cross-linking ionising radiation has been developed by Jabari et al. [82]
and Rosiak et al. [27] for therapeutic dressing. Lee et al. also worked on UV irradiation
method in interpenetration polymer network (IPN) hydrogels synthesis that composed
of chitosan and poly(acrylic acid) (PAAc). A significant improvement has been shown in
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its mechanical properties, even in a hydrated condition [83]. Another reported study by
Fabbri et al. also showed that the successful preparation of graphene oxide/acrylic resins
through UV radiation of electrically conductive acrylic resins containing graphene oxide
(rGO) has resulted in improved properties of conductive acrylic composites [84]. It can be
said that almost all these studies revealed that when reacting to radiation, acrylic-based
polymeric materials have a promising characteristic, as it continues to evolve as more
sophisticated materials for tissue engineering products.

In a different study reported nearly a decade ago by Rao et al., they developed a poly(3-
hydroxybutyrate-co-4-hydroxybutyrate), P(3HB-co-4HB) that was obtained by biosynthesis
of Cupriavidus necator from spent palm oil [85]. Their findings showed that inexpensive
spent palm oil is a good source of carbon in the processing of polyhydroxyalkanoates (PHA)
efficiently using Cupriavidus necator via biosynthesis technique. This biopolymer ultimately
can become a modern absorbable biomaterial for medical usage [86]. Kamilah et al. also
supported their finding whereby they demonstrated that the palm oil-based waste cooking
oil (PO-WCO) was found suitable as a sustainable source of carbon for cell growth and
poly(3-hydroxybutyrate) P(3HB) biosynthesis [86]. However, radiation technique was not
applied in both reported studies, thus has opened up the gap for utilising the technique in
similar studies.

The production of radiation curable palm oil-based acrylic scaffolds through radiation
processing could be carried out in no time in order to identify new strategies for improving
and displaying superior biomaterial properties, especially for medical applications, as this
technique is versatile and can be easily adapted. In addition to the materials being the
starter matrices for polymeric scaffolds, as discussed in the following section, radiation-
curable palm oil-based materials are also introduced in the use of polymeric composites as
dental filling materials.

4.4. Dentistry

A recent US patent granted in 2014 claimed on the polyurethane oligomer based on
palm oil for usage as a dental restorative material [11]. Palm oil-based polyols possess
more than two functional groups that induce branching of the polymer and tend to have
higher crosslinking density as well as three-dimensional linked structures that provide
greater mechanical strength and dimensional stability. The use of palm oil-based polyol
can also improve the biocompatibility of the synthesised composition. The polyol and
diisocyanate formulations have both soft and hard segments which are grafted by the polyol
with isocyanate terminals with an unsaturated acrylic monomer to form a prepolymer
with unsaturated terminals which is curable with free radical initiators. As a result, this
can provide better dental filling materials that are fatigue resistance and have flexural
properties. Figure 15 shows the UV light cure filling teeth dental process using curable
materials, such as palm oil-based polyol dental filling materials. These composites of
palm polyol were found susceptible to UV radiation, which were used as a coat for filling
teeth cavities.

Figure 15. Ultraviolet light cure palm oil-based fillings.
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For several decades, acrylic-based resins with application in dentistry made up of
polymethylmethacrylate (PMMA) or polyethylmethacrylate (PEMA) have dominated
denture technology [87,88]. However, some of the drawbacks of these materials are the
toxicity of the residual monomer, the complex wrapping procedure, complicated processing,
and low resistance. Furthermore, there are also several different types of resin compounds,
such as styrene, polycarbonate, polyethylene, polyethylene glycol, polydimethylsiloxane,
poly(e-caprolactone), polypyrrole, hexamethyldisilazane, epiminic, polyurethane, vinyl,
polyamide, acetal, and polyglass available for dental use in the manufacture of dentistry
resins, most of which come from petrochemical-based polymer [87,89]. A recent study
by Ionta et al. revealed that palm oil has gained superior protective capacity against
tooth erosion, which appears to be a promising alternative for the prevention of initial
erosion of enamel compared to coconut oil, safflower oil, sunflower oil, and olive oil [90].
Therefore, new resin alternatives, such as radiation-curable palm oil-based resins with
a natural, renewable source, inexpensive, biodegradable, biocompatible, and promising
physicochemical properties compared to petrochemical-based acrylics, are thus more
suitable for dental applications.

Other features were reported in a few studies that were conducted on surface coating,
overprint varnish (OPV), printing inks, pressure-sensitive adhesives (PSA), and dentistry
for radiation-curable palm oil-based product applications [1,91]. These applications ap-
peared to have a little exploration, but the palm oil-based products do have more possibili-
ties to fine-tune the functionality of the radiation-curable products to satisfy the need for
the application, including agricultural for seed treatments and coatings [92,93], restoration
and consolidation of various cultural heritage artefacts as well as the use of radiation
technology to disinfect cultural heritage artefacts [24,94,95].

5. Emerging Applications of Radiation Processing for Modification of Palm Oil-Based
Polymeric Biomaterials for Potential Use in Biomedical Application

Radiation-modified palm oil-based materials is an example that has great potential in
promoting new products for use in biomedical application, such as medical surface coating,
medical device adhesives, smart drug delivery system, and tissue engineering devices.
Besides, their favourable properties, such as natural properties, non-toxic materials, and
cost-effective production lines due to the low cost of raw material can make palm oil-based
products a good option for developing novel and advanced technology for use as polymeric
biomaterials in the biomedical application.

5.1. Medical Surface Coating

The development of radiation modification of palm oil-based materials in advanced
applications for superhydrophobic biomaterials, such as temporally implants, contact
lenses, controlled drug-release coatings medical device coatings, and antimicrobial coat-
ings could be of great promise. Several authors have reported potential development on
radiation modification of palm-oil based material coating, such as acrylate, polyol, and
urethane [40,47,96,97]. For instance, Said et al. used the combination of biopolymer of
an acrylate palm oil-based EPOLA®/PETIA with different amount of SiO2 nanoparticles
to produce good optical nanocomposites for numerous applications, including painting,
sealants, adhesives, and coatings [54]. As a result, the increase of surface hardness and
gel content values were achieved by increasing the silica loading in photocurable resin.
In addition, the rapid decrease in water absorption in the presence of SiO2 allows such
nanocomposites particularly desirable for coating applications. The nanocomposites com-
prising nanosilica distinguish exceptional barrier properties against moisture and gases
as well as excellent resistance to corrosion [98]. Salleh et al. reported on producing hy-
perbranched curable polyurethane acrylate (HBPUA) made from palm oil oleic acid for
applications in surface curing technology [40]. HBPUA is described as green and/or eco-
friendly curable resin products with excellent thermal stability, especially upon subjecting
to UV/EB irradiations.
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Alias et al. introduced zirconium acrylate in EPOLA® curable coating formulation in
order to enhance EPOLA® properties [99]. The presence of zirconium acrylate increases
the adhesion and hardness of curable coating due to increment of the roughness and
polarity of the surface. Meanwhile, the zirconium structure and properties contributed to
the enhancement of film hardness. Mudri et al. also used EPOLA® as a coating material
on printed pages or known as overprint varnishes (OPV) [41]. The purpose of applying
OPV is to enhance gloss, stain resistance, edge fusion resistance, resistance to burning and
scuffing, and resistance to discolouration from environmental absorption of impurities. The
EPOLA®-based OPV material possesses excellent properties for adhesion and glossiness.

Overall, the development of radiation-curable palm oil-based materials for surface
coatings can reduce the risk of infection and prevent bacterial or microorganism attachment
to the material surfaces. These materials must be chemically and physically non-reactive to
the body as well as excellently comply when embedded in tissues. Therefore, the medical
surface coating is necessary to reduce toxicity, side effects, and bacterial or microorganism
infections without affecting public health.

5.2. Medical Light Curing Adhesives

Radiation processing of palm oil-based products could provide a wide variety of
medical light curing adhesives for tape manufacture, pressure-sensitive adhesive (PSA),
3 M, and general adhesives. Radiation curable PSA was produced from different palm
oil resins, such as EPOLA® and EPOMA (epoxidised palm oil methacrylate). Such resins
have found to improve coating, curing, and adhesive performances. Mahmood et al.
studied the EPOLA®-PSA developed with various low-transition temperature acrylate and
methacrylate monomers before curing with UV irradiation [100]. The findings showed
that EPOLA®-based PSA exhibited fast curing speed as well as appropriate compatibility
formulations, as demonstrated by their cured film properties, such as surface tackiness,
peel adhesion, and creep resistance.

In 2017, Tugiman et al. produced UV curable maleinated acrylic epoxy palm oil PSA
using UV LED system, which resulted in a small percentage of double conversion rate that
was below 50% due to monomers and maybe even light transmission. This work is just a
few known UV curable PSAs that have been reported for palm oils. The PSA synthesis of
palm oil-based materials from the studies shows promising results in the production of
radiation-curable palm oil-based PSA for medical device application [52].

5.3. Nanoscale Radionuclides and Radiolabelled Nanomaterial

Nanoscale radionuclides and radiolabelled nanomaterial for imaging, diagnosis, and
treatment of APO and polyol ester had promising properties used by radiation-induced
RAFT polymerisation and cross-linking techniques to produce targeted nanoparticles
utilising radiation techniques. New features for the design of smart nanoparticles for
nuclear molecular imaging and therapeutic purposes include the surface functionalisation
of these nanoparticles with biomolecules, radioactive materials and also with a magnetic,
plasmonic or fluorescent substance. The use of radiation modification in palm oil-based
materials in nuclear nanomedicine in these latest technologies is expected to bring a
paradigm shift in multimodal molecular imagery, thus facilitating a new era in medical
imaging agents for diagnosis.

5.4. Three-Dimensional (3D) Scaffold for Tissue Engineering Application

The production of a photopolymer resin-based palm oil scaffold for bone tissue engi-
neering therapy is a significant field for providing supply of biomaterials relating to the
osseointegration of bioresorbable scaffolds and the control of bone infection. Talib et al.
investigated the construction of a scaffold using materials based on palm oil, such as APO,
using a micro stereolithography technique [79]. The study obtained favourable properties
of dynamics, composition, bioactivity, porosity, and density. More innovation on the scaf-
folding of APO may display more substantial interests in potential applications, such as
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for tissue engineering. Meanwhile, potential physicochemical, mechanical, biodegradable,
and biocompatibility properties were discovered in a water-blown porous polyurethane
scaffold made of palm glycerol monostearate and glutaric acid, which demonstrated their
tremendous biomaterial potential for soft and rigid tissue engineering applications [101,102].

Furthermore, a new soft biomaterial made from aliphatic polyurethane based on palm
oil has recently been developed by Yeol et al. for tissue engineering applications. A polyester
polyol (PPP) obtained from epoxidised palm olein and glutaric acid was used to prepare the
polyurethane [103]. The polyurethanes displayed superior water absorption, >90% porosity,
biodegradable, good thermal stability, and mechanical properties that made the generated
polyurethanes able to be used for tissue repair and tissue regeneration applications.

In addition to the palm-based oleochemicals used for the development of bioma-
terials for tissue engineering, the palm oil mill effluent (POME) generated from palm
oil mills and the palm oil empty fruit bunch (EFB) developed from palm oil extraction
have also generated significant interest in the production of modern scaffold polyhydrox-
yalkanoates [104,105]. These studies have shown a promising hope that palm oil-based
biomaterials can be used in a wide variety of tissue engineering applications. The different
forms of biopolymers derived from palm-based oleochemicals and oil palm waste materials
as biomaterials have significantly contributed to the manufacture of scaffolding products.
Finally, radiation processing technology could be used to obtain more ideal characteristics
of biomaterials for modifying the scaffolding products.

6. Way Forward

Finally, radiation-curable bio-based products from palm oil have shown great interest
in biomedical applications for surface coating, adhesive, nanoscale radionuclides and
radiolabelled nanomaterials, and scaffolding. For example, antimicrobial and anticorrosion
properties can be added to the radiation curable polymeric materials for use in medical
surface coatings for an active approach to killing microbial and surface protection and also
for use in dental restorative in a wide variety of nanocomposites. It also can act as core
platforms for medical radionuclide attachment and radiolabelled for molecular imaging
and targeted drug delivery and as light cure adhesives, curable palm oil formulations that
can be assembled as medical and surgical adhesive tapes for skin, wound dressing, and
wound bandages. Meanwhile, 3D bioprinting can facilitate the development of functional
tissue structures with radiation-curable polymeric based on palm oil approaches to mimic
human tissues and organs. Therefore, new coatings like radiation-curable polymeric
materials based on palm oil can benefit the production of medical devices. They are natural,
enable the delivery of drugs, are surface-modified, and can be used to form artificial
tissue. Radiation-curable products derived from palm oil have a bright future in the
development of biomaterials since they originally come from sustainable resources are a
convenient and environmentally friendly technology for the processing of raw materials
and non-toxic products, and because of the availability of much cheaper products that
make them comparable in terms of biocompatibility, biodegradability, durability, and the
reasonability production cost compared to petrochemical-based products. Furthermore,
radiation processing technology provides a simple, reliable, and environmentally safe
manufacturing facility and is a powerful tool to induce physical and chemical reactions for
use in the production of advanced modern materials.

7. Conclusions

As a conclusion, polymeric-based triglycerides and monomers, such as radiation-
curable palm oil-based polymeric materials, have become alternatives to synthetic polymers.
Thus, they are potentially useful for a diverse range of industries including biomedical
applications such as surface coatings, drug delivery systems, and scaffolds. These poly-
meric materials are highly favourable for the above applications, as they are derived from
natural resources, non-toxic, inexpensive, biocompatible, and biodegradable and possess
promising thermal and mechanical properties. Moreover, the radiation-curable palm oil
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products obtained can be used as polymeric biomaterials in imaging, diagnostics and
therapeutic purposes, medical surface coating and adhesives, radionuclides and radiola-
belled nanomaterial, and tissue engineering. Therefore, the development of polymeric
biomaterials based on radiation-induced palm oil fatty acids is found to be significant
for broadening the use and application of palm oil in biomedical applications. Last but
not least, the most considerable attraction and valuable insight in this invention is that
the primary raw material comes from palm oil, which can be obtained easily from palm
oil-producing countries.
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Abstract: Dry mangosteen leaves are one of the raw materials used to produce marker ink. However,
research using this free and abundant resource is rather limited. The less efficient one-factor-at-a-time
(OFAT) approach was mostly used in past studies on plant-based marker ink. The use of statistical
analysis and the regression coefficient model (mathematical model) was considered essential in
predicting the best combination of factors in formulating mangosteen leaf-based marker ink. Ideally,
ink should have maximum color lightness, minimum viscosity, and fast-drying speed. The objective
of this study to study the effect of glycerol and carboxymethyl cellulose (CMC) on the color lightness
and viscosity of mangosteen-leaves-based marker ink. The viscosity, color lightness, and drying
properties of the ink were tested, the significant effect of glycerol and CMC (responses) on ink
properties was identified and the prediction model on the optimum value of the responses was
developed by using response surface methodology (RSM). The microstructure of mangosteen leaves
was analyzed to study the surface morphology and cell structure during dye extraction. A low
amount of glycerol used was found to increase the value of color lightness. A decrease in CMC
amounts resulted in low viscosity of marker ink. The optimum formulation for the ink can be
achieved when the weight percents of glycerol, benzalkonium chloride, ferrous sulphate, and CMC
are set at 5, 5, 1, and 3, respectively. SEM micrographs showed the greatest amount of cell wall
structure collapse on samples boiled with the lowest amount of glycerol.

Keywords: mangosteen leaves; marker ink; color lightness; viscosity; optimization; RSM

1. Introduction

For centuries, ink is made from natural products such as berries, barks, and extracts
of leaves. These have been used as raw materials to create various colors and to produce
ink, dye, or paint when mixed with other substances. Early records showed that tea
leaves had been used to make ink due to their shades that able to produce yellow, green,
brown, or black ink [1]. Ink has been studied in a wide area of applications including
inkjet printing [2,3] and bio-ink [4]. Inks are commonly made today from non-renewable
synthetic resources such as petroleum- and chemical-based solvents, which are harmful to
both users and the environment. Unprotected contact with ink may cause severe headaches,
skin irritation, or damage to the nervous system likely due to the effects of solvents or
pigment, such as p-anisidine, in the ink.

Noah et al. [5] conducted a preliminary study on the production of brown ink from
Gmelina arborea fruit extract. The objective was to assess the potential of producing brown
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ink from the extract and compare the ink produced with commercial inks using an ink
flotation test. Five different concentration levels (100%, 80%, 60%, 40%, and 20%) of ink
were produced using ethanol as diluent and coconut vinegar as an additive to preserve the
ink from biodegradation and to enhance its stability and permanence on paper once dried.
The results showed that the production of brown ink from Gmelina arborea fruit extract
was feasible.

Nwafulugo et al. [6] studied the marker ink production from a huckleberry (Vaccinium
membranaceum) ink extract. The liquid was extracted by cooking and mashing the berries
with the addition of apple cider (vinegar) as a solvent extractor. The extracted liquid was
then mixed with 108 mL of gum arabic, 18 mL of methanol, and two teaspoons of dye,
yielding an ink sample in each mixture. The physical properties of the sample were tested
and compared to commercial ink. The results showed that the ink produced was of high
quality, with a pH of 9.3, drying time of 2.3 s, and viscosity of 9.5 × 10–4 Ns/m2.

Dagde et al. [7] studied the formulation of whiteboard marker ink using locally
sourced raw materials such as natural wood from mango (Mangifera sp.), rubber (Hevea
brasiliensis), and ugba or oil bean trees (Pentaclethra macrophylla). The pyrolysis process
carried out on the different woods produced the final product called charcoal. In terms of
odor, color, hazardous reaction, pH, density, and viscosity, the various ink samples were
formulated and compared to international standards. The results showed a good match,
indicating that the whiteboard marker ink produced is reliable and of high quality. The
pH results for ugba (oil bean), rubber, and mango charcoal ink are 5.43, 6.79, and 7.41,
respectively. Ugba (oil bean) charcoal ink showed the highest viscosity followed by rubber
and mango charcoal ink.

Mangosteen (Garcinia mangostana) is planted in most of the countries of Southeast
Asia—including Indonesia, Malaysia, the Philippines, and Thailand. Mature mangosteen
trees can range from 6 to 25 m in height. The primary active components of the fruits are
known as xanthones, which have several benefits, including anti-inflammatory properties,
anti-allergic, and anti-convulsants [8]. The rind is reported to contain from 7% to 15%
tannin and is used for tanning leather and dyeing in black color [9]. The rind of the
mangosteen is also known for use as an ingredient in soap, shampoo, and conditioner [10].

One of the most important uses of mangosteen is as a source of natural dye for
fabric and solar cells because of its prominent color. Fully ripened mangosteen pericarp
contains anthocyanins, such as cyanidin-3-sophoroside and cyanidin-3-glucoside, which
contribute to the dark purple or red coloration of its pericarp [11]. Anthocyanin can be
used as a natural color extract to replace synthetic colorants because of its light color
and higher solubility. Food scientists and horticulturists have meticulously examined
anthocyanins because of their strong effect on the coloring quality of pre-harvested and
post-harvested vegetables and fruits [12]. Anthocyanins are grouped under the family of
flavonoid compounds, which contain solvable water pigments. These color pigments are
also present in fruits and flowers and able to attract insects and animals [13].

Other dye compounds, such as tannin, can also be extracted from mangosteen for its
brown coloring property [14]. These natural dyes exhibit excellent potential in the textile
industry. They can be obtained easily from the leaves, pericarp fruit waste, and barks of
the mangosteen tree. Due to their biodegradable and nontoxic properties, they are safe to
the environment compared with synthetic dyes. Researchers for instance have successfully
dyed cotton fabrics using mangosteen extract. In general, mangosteen sources have been
used for a variety of purposes, ranging from industrial products to advanced technology
and biomedical applications. The use of its fruits has recently been studied in postharvest
biology, food science, and engineering fields.

Carboxymethyl cellulose (CMC) and glycerol are the additives used in the produc-
tion of marker ink. CMC, also known as cellulose gum is a cellulose derivative with
carboxymethyl groups (–CH2–COOH) incorporated into some of the hydroxyl groups of
the glucopyranose monomers that contribute to the cellulose backbone. It is often used
as its sodium salt, sodium CMC. Habib and Khoda [15] studied the development of clay-

564



Polymers 2021, 13, 1581

based novel bio-ink by optimizing the composition of materials, which are montmorillonite
(MMT), CMC, and sodium alginate. CMC is a water-soluble polysaccharide with a high
molecular weight that is used as a viscosity modifier or thickener. It is reported that the
binding of CMC’s matrix protein assisted in cell migration and cell attachment. The incre-
mental addition of CMC into alginate and MMT mixture makes the bio-ink more viscous.
Bio-ink with very high viscosity requires high air pressure to suspend the filament that may
limit the use of available bio-printer. The rheological properties of CMC were investigated
by Ghannam and Esmail [16]. An increase in CMC concentration in the solutions changes
the behavior from Newtonian to shear thinning. The higher the concentration, the lower
the flow behavior index. The increase in CMC concentration is accompanied by stronger
time-dependence of the rheological properties.

Glycerol (1,2,3-propanetriol) is a colorless, odorless, viscous liquid with a sweet taste.
It is made from both natural and petrochemical substances [17]. Presently, the quantity of
glycerol accounted for approximately 160,000 tonnes annually and is used for technical
applications; this is expected to grow at an annual rate of 2.8%. Glycerol is typically used as
a softener and plasticizer in alkyd resins and regenerated cellulose to determine properties
in surface coatings and paints including flexibility, pliability, and toughness. It serves as
binders in paints and inks [18]. Medeiros et al. [19] investigated the effects of glycerol
concentration on thermophysical properties of the water-glycerol solution. The results
showed that with an increase in the amount of glycerol, the density and dynamic viscosity
were increased.

Although many studies on marker ink have been conducted based on plant material,
research on the development and production of marker ink using dried mangosteen leaves
is rather limited. The number of studies looking into the effects of various factors on the
properties of marker ink is still minimal. Besides, the proper method in determining the
optimum formulation using statistical optimization has not been applied in these studies.

Despite a large number of publications on biodegradable and environmentally friendly
marker inks reported in the literature in recent years [7,20–22], most studies were carried
out in the one-factor-a-time (OFAT) approach. For greater efficiency, the application
of statistical analysis and regression coefficient (mathematical model) are necessary for
better prediction on the optimum composition of marker ink with high color lightness
and low viscosity. Compared to OFAT, the design of the experiment (DOE) provides
many advantages, including low requirements for resources (experimental runs, time,
material, and manpower), accurate measurement of main effects and interactions, and
the ability to simultaneously analyze several variables [23]. Furthermore, the response
surface methodology (RSM), which was originally coined by Box and Wilson [24], is used
commonly as a mathematical model for enquiring into significant effects, interactions, and
optimization studies. The central composite design (CCD) has been proven to be the best
model for analysis [25].

Since the RSM approach, specifically CCD, has been widely used in polymer opti-
mization [26–29], it will, therefore, be adopted in this study. The main objectives of this
study are: (i) to identify the significant effects of different additives on the viscosity, color
lightness, and drying speed of mangosteen-leaves-based marker ink; (ii) to determine the
optimum composition of the mangosteen-leaves-based marker ink using RSM; and (iii) to
study the microstructure of mangosteen leaves during the dye extraction process.

2. Materials and Methods
2.1. Factors and Levels of the Design of Experiment

In the study, CMC and glycerol—designated as V1 and V2 respectively—were chosen
as factors. Other factors, such as ferrous sulphate and benzalkonium chloride, were kept
constant at 1 and 5 wt %, respectively. Five weight percent (5 wt %) denoted as 5% of the
total weight of the leave’s boiled water. Factors and levels used in the DOE are shown
in Table 1.
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Table 1. Factors and levels.

Factor Unit Notation
Levels

−2 −1 0 1 2

CMC wt % V1 1 2 3 4 5
Glycerol wt % V2 5 10 15 20 25

2.2. Design of Experiment

RSM was used to design and conduct experiments due to its lower experimental runs
as compared to the conventional experiment. Table 2 shows the difference in the total
number of experimental runs between full-design RSM and a full factorial design (classical
method) based on five-level factors. The result shows that for analyzing four factors, the
full-design RSM only requires a minimum of 30 experimental runs (with one replication)
as compared to 625 for the full factorial design.

Table 2. Total number of experimental runs for full factorial design and RSM based on five-level factors

Factors Levels
Total Number of Experimental Runs

Full Factorial Design RSM

2 5 25 14
3 5 125 20
4 5 625 30
5 5 3125 54

At each design stage, five levels and two factors were applied in the CCD and with
three replications for a total of 39 experimental runs. The factors were selected based
on preliminary lab work, their significant effect on the responses, and working range
(workability). Table 3 displays the complete CCD with coded and uncoded levels of these
factors. The value for the total block is 1 with the experiments carried out in randomized
order. For analysis using RSM, V1 = V2 = 0 represent the center point. Replicating an
entire DOE to increase the number of data points can be expensive and time-consuming.
An alternative way to increase the accuracy of the analysis is to use center points. By
increasing the number of center points in the DOE, the probability of analyzing data and
perform prediction of the optimum value for the factors can be increased. Therefore, a
total of 15 experimental runs has been designed for center points resulting in a total of
39 experimental runs.

The significance of the main factors and their interactions is calculated using the
analysis of variance (ANOVA). The value of 95% was set as the significance level which
reflected the p-value of 0.05. Based on the value of the correlation coefficient (R2), the
regression coefficient model (mathematical model) developed in the ANOVA table is used
for optimization purposes. Experimental data are fitted with a second-order polynomial
model to obtain the regression coefficient model. The general mathematical model obtained
from the analysis is shown in Equation (1)

g = β0 +
3

∑
t=1

βiXi +
3

∑
i

βiiX2
i +

2

∑
i−1

3

∑
j=i+1

βijXiXj (1)

where Y is the response, β0, βi, βii, and βij are regression coefficients for the intercept,
linear, quadratic, and interaction terms, respectively. Xi and Xj are coded values for the
independent variables [30].
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Table 3. Design matrix.

Sample
Coded Factor Uncoded Factor

V1 V2 V1 V2

S1 −2 0 5 3
S2 0 2 15 5
S3 1 −1 20 2
S4 −1 1 10 4
S5 −2 0 5 3
S6 0 0 15 3
S7 −1 −1 10 2
S8 0 0 15 3
S9 2 0 25 3

S10 0 0 15 3
S11 0 0 15 3
S12 0 −2 15 1
S13 1 −1 20 2
S14 0 0 15 3
S15 −2 0 5 3
S16 −1 −1 10 2
S17 −1 −1 10 2
S18 0 0 15 3
S19 1 1 20 4
S20 0 0 15 3
S21 0 0 15 3
S22 0 0 15 3
S23 1 −1 20 2
S24 1 1 20 4
S25 0 0 15 3
S26 −1 1 10 4
S27 0 −2 15 1
S28 0 2 15 5
S29 0 0 15 3
S30 0 0 15 3
S31 2 0 25 3
S32 0 −2 15 1
S33 −1 1 10 4
S34 0 0 15 3
S35 2 0 25 3
S36 1 1 20 4
S37 0 0 15 3
S38 0 2 15 5
S39 0 0 15 3

The desirability function was used to optimize the central composite design. The
desirability function was created in this study to minimize the viscosity and color lightness
of the ink. Validation was carried out by triplicate under optimal conditions.

2.3. Raw Materials and Sample Preparation

Dry mangosteen leaves, used as the main component in the marker ink production,
were obtained from the Family Fruits Farm, Batang Kali, Selangor, Malaysia. The CMC,
ferrous sulphate, benzalkonium chloride, and glycerol used in this study was purchased
from Merck KGaA, Darmstadt, Germany. The specification for glycerol is colorless, and it
contains 1.0% water, viscous, and clear liquid. CMC is an odorless white powder with a
viscosity of 400 to 800 centipoise (cp), in a 2% solution in water at 25 ◦C. Ferrous sulphate
has a density of 1.898 g/mL at 25 ◦C while benzalkonium chloride is a clear, colorless
liquid with a concentration of 50 to 55 w/w%. The marker ink was prepared by following
the steps, as shown in Figure 1.
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Figure 1. Fabrication process of mangosteen-leaves-based marker ink.

Approximately 75 g of dry mangosteen leaves were first weighed by using a digital
weighing scale (Mettler Toledo, Columbus, OH, USA) which was able to read up to 0.001 g
and for a sample weight up to 220 g. These were then washed thoroughly and rinsed.
Glycerol ranging from 15 g to 62.5 g was weighed by using a digital weighing scale and
375 mL of water was measured using a measuring cylinder, and both were mixed in a
beaker and thoroughly stirred for 30 s. The mixture was boiled together on a hot plate
(Thermo Fisher Scientific, Waltham, MA, USA) at a heating degree of 8 (circa. 300 ◦C) for
30 min to increase the extraction rate of dye from the leaves. The hot plate can be heated up
to 350 ◦C and the heating rate can be set from 0% to 100% at 1% intervals. The beaker was
covered with plastic foil, to reduce vapor evaporation. Once boiled, the heating degree was
reduced to 2 (circa. 100 ◦C). After boiling the hot plate was switched off, and the boiled
mixture was collected into a container using a strainer.

CMC, ferrous sulphate, and benzalkonium chloride of 1–12.5 g, 3 g, and 15 g, respec-
tively were weighed using a digital scale and added into the boiled mixture containing
mangosteen leaves. To avoid clumping, the mixture was thoroughly stirred with a whisker,
resulting in a smooth and homogeneous ink solution. The ink produced was stored in a
glass container, sealed with an airtight cover, and kept in a cool, dry place for 24 h prior
to testing.

2.4. Viscosity Test

The ink viscosity was investigated to develop a low viscous ink solution with a high
drying rate. Ink samples were accordingly tested 24 h following preparation. The advanced
AR-G2 rheometer (TA Instruments, New Castle, DE, USA) was used to conduct the viscosity
test in accordance with the ASTM D-445 standard at 23 ◦C. A cone plate geometry with
properties of 60 mm cone diameter, 1:0:0 cone angle ratio (deg:min:s), and 30 µm truncation
was installed to the rheometer. The zero-gap was set for 30 µm and 5 g ink samples were
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placed on the Peltier plate by using a dropper. The experiment was initiated by clicking
the ‘run’ icon, and the results were recorded.

2.5. Color Lightness Test

Color lightness was evaluated using a HunterLAB Ultrascan PRO d/8 Spectropho-
tometer (Hunter Associates Laboratory, Inc., Reston, VA, USA) operated in accordance
with ASTM E1348. Approximately 50 mL of ink sample was used and placed in front of
the porthole and the readings recorded. The colorimetric values were reported in terms
of CIE color analysis for lightness (L*). The lightness, L*, represents the darkest black at
L* = 0, and the brightest white at L* = 100.

2.6. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was conducted on marker ink samples using
Mettler Toledo AG-TGA/SDTA (Model 851e, Mettler Toledo AG, Greifensee, Zürich,
Switzerland). For specimen preparation, 20 mg of ink was used for each test. Nitrogen
was used as a medium and the specimens were heated from 20 ◦C to 200 ◦C with a rate
of 25 ◦C/min. Three ink samples that exhibited high, moderate, and low color lightness
were tested to observe variation in their drying rates. As drying progressed, the weight of
coating accordingly decreased due to solvent evaporation. The amount of solvent loss with
time was monitored through mass change as recorded on the balance [31].

The drying rate of coating is the weight of solvent loss per time divided by the area of
evaporation and this can be calculated using Equation (2) where Rmass is the evaporation
rate, W is the weight of sample at a specific time, t is the time, ∆t is the time interval
between measurements, and A is the evaporation area.

Rmass = −
dW
Adt

≈ −Wt+∆t −Wt

A∆t
(2)

2.7. Microstructure of Rice Husk Ash

The scanning electron microscope (SEM) is one of the most versatile instruments avail-
able for the examination and analysis of microstructure morphology of plant materials [32].
Since the discovery that electrons can be deflected by a magnet, electron microscopy was
developed by substituting the light source with a high-energy electron beam [33].

SEM analysis was carried out using the Hitachi S-3400N variable SEM. The microstruc-
ture images of mangosteen leaves, including raw samples, or those boiled without glycerol
and with glycerol, and samples which exhibited high, moderate, and low color lightness
and viscosity properties. Samples were prepared by placing on aluminum sample stubs
with carbon conductive tape and were then sputter-coated with gold-palladium using
Baltec SCD-005 Sputter Coater to produce high quality and bright image. The stub with
coated samples was inserted into the sample chamber of the SEM for viewing.

3. Results and Discussion

The complete design matrix and response values of viscosity and color lightness
are given in Table 4. Before designing an experiment using RSM, a preliminary study
or screening process using a fractional factorial design (FrFD) method is required. The
screening process is essential to identify the most significant factors and to reduce the
number of less significant ones when designing an experiment using RSM. For the screening
process, four factors including glycerol, ferrous sulphate, benzalkonium chloride, and CMC
were studied. Glycerol and CMC showed the most significant effect on the responses and
therefore were selected as factors in this study. Data were analyzed using MINITAB.
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Table 4. Design matrix and response value for the viscosity and color lightness test.

Sample Glycerol
(V1)

CMC
(V2)

Glycerol
(V1)

CMC
(V2)

Viscosity
(Pa.s)

Color
lightness

(L*)

S1 −2 0 5 3 0.0221 24.70
S2 0 2 15 5 0.7278 25.83
S3 1 −1 20 2 0.0132 27.20
S4 −1 1 10 4 0.2320 25.11
S5 −2 0 5 3 0.0163 24.73
S6 0 0 15 3 0.1137 25.79
S7 −1 −1 10 2 0.0076 24.93
S8 0 0 15 3 0.1090 25.78
S9 2 0 25 3 0.0091 28.80
S10 0 0 15 3 0.1117 25.62
S11 0 0 15 3 0.1098 25.58
S12 0 −2 15 1 0.0045 25.83
S13 1 −1 20 2 0.0111 27.16
S14 0 0 15 3 0.1083 25.80
S15 −2 0 5 3 0.0203 24.78
S16 −1 −1 10 2 0.0109 25.14
S17 −1 −1 10 2 0.0084 24.99
S18 0 0 15 3 0.1042 25.61
S19 1 1 20 4 0.1595 27.40
S20 0 0 15 3 0.0948 25.78
S21 0 0 15 3 0.1077 25.84
S22 0 0 15 3 0.1064 25.85
S23 1 −1 20 2 0.0211 27.13
S24 1 1 20 4 0.1571 27.48
S25 0 0 15 3 0.1063 25.74
S26 −1 1 10 4 0.2245 25.09
S27 0 −2 15 1 0.0045 25.70
S28 0 2 15 5 0.7082 25.85
S29 0 0 15 3 0.1037 25.63
S30 0 0 15 3 0.1083 25.72
S31 2 0 25 3 0.0096 28.78
S32 0 −2 15 1 0.0045 25.62
S33 −1 1 10 4 0.2173 25.22
S34 0 0 15 3 0.0973 25.72
S35 2 0 25 3 0.0100 28.78
S36 1 1 20 4 0.1344 27.00
S37 0 0 15 3 0.0960 25.73
S38 0 2 15 5 0.6262 25.72
S39 0 0 15 3 0.1083 25.76

3.1. Statistical Analysis of Color Lightness and Viscosity Properties

A linear regression model was fitted to the experimental data using the least square
technique. Several main parameters were considered in evaluating the statistical results,
namely the coefficients of regression, the standard error of coefficient, and the p-value of
each factor and its interactions for both responses which are color lightness and viscosity.
The results in Table 5 indicated that all factors and interaction effects were highly significant
(p < 0.000) except for V2 with p < 0.113 and ‘V2* V2

′ with p < 0.529. Values for R2 = 0.9873
and R2 (adjusted) = 0.9858 were considerably high, which indicated that 98.73% of sample
variation in the response was attributed to the factors.

For viscosity, the p-value for both factors (color lightness and viscosity) and their
interactions were considered significant at below the confidence level of 95% (p of 0.050).
The results shown in Table 6 indicated that all factors and interaction effects were significant.
The p values of all factors and their interactions were highly significant (p < 0.000) except
for V1 which did not affect the viscosity of the ink (p < 0.382). Values for R2 = 0.9292
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and R2 (adjusted) = 0.9209 were considered very high, which indicated that 92.92% of the
sample variation in the response was attributed to the independent variables.

Table 5. Estimated effects and coefficient for glycerol and CMC on the color lightness.

Term Notation Coefficient Std. Error of Coefficient p

Constant 25.7739 0.03071 0.000
Glycerol V1 1.0331 0.02135 0.000

CMC V2 0.0347 0.02135 0.113
Glycerol*Glycerol V1* V1 0.2607 0.01545 0.000

CMC*CMC V2* V2 0.0098 0.01545 0.529
R2 = 0.9873 R2 (adj) = 0.9858

Table 6. Estimated effects and coefficient for glycerol and CMC on the viscosity test

Term Notation Coefficient Std. Error of Coefficient p

Constant 0.0938 0.01191 0.000
Glycerol V1 −0.0073 0.00828 0.382

CMC V2 0.1431 0.00828 0.000
Glycerol*Glycerol V1* V1 −0.0235 0.00599 0.000

CMC*CMC V2* V2 0.0593 0.00599 0.000
R2 = 0.9292 R2 (adj) = 0.9209

Equations (3) and (4) represent the regression models for the color lightness and
viscosity, respectively.

gCOL = 25.7739 + 1.0331(V1) + 0.0347(V2) + 0.2607
(

V1
2
)
+ 0.0098

(
V2

2
)

(3)

gVIS = 0.0938− 0.0073(V1) + 0.1431(V2)− 0.0235
(

V1
2
)
− 0.0593

(
V2

2
)

(4)

where YCOL and YVIS represent the responses which are color lightness and viscosity,
respectively whereas V1 and V2 are the decoded values of glycerol and CMC, respectively.
The regression models can be used to calculate and analyze the effect of factors on the
properties of plant-based marker ink.

3.2. Effect of Factors on Color Lightness and Viscosity

ANOVA and regression models were used to analyze the effect of various factors on
the properties of the plant-based marker ink. Contour plots were used for better illustration.
Figures 2 and 3 illustrate the effect of glycerol (V1) and CMC (V2) on the responses,
respectively. The findings show that higher V1 resulted in higher color lightness, and lower
V2 resulted in lower viscosity. Based on Figure 2, the color lightness of mangosteen-leaves-
based marker ink decreased when the ratio of glycerol concentration in the ink formulation
is approaching 5. This indicates that a low concentration of glycerol reduces the value of
color lightness in the ink.

An increase in the amount of glycerol in a liquid may increase the boiling temperature
of the liquid [19]. Glycerol is alcohol with low vapor pressure. It changes its colligative
properties when mixed with water, increasing the boiling point and lowering the melting
point of the solution. According to Kowalska et al. [34], an increase in boiling temperature
from 20 to 80 ◦C (glycerol content of 30% and below) may consequently decrease the total
dye extraction yield. The study also discovered that increasing the glycerol concentration
from 30% to 80%, while maintaining the same boiling temperature reduced the amount of
extracted anthocyanins, which is in conformance with the results obtained in this study.
Anthocyanin pigments are known as natural colorants due to their wide range of colors
and high solubility in aqueous media [35].

The contour plot in Figure 3 shows the effect of glycerol and CMC concentration on
the viscosity of plant-based marker ink. At a glycerol concentration of 5, the viscosity
decreases as the CMC concentration decreases. Ghannam and Esmail [16] investigated
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the rheological properties of CMC solutions in a concentration ranging from 1% to 5%.
When the concentration was lowest, they observed Newtonian behavior, while at higher
concentrations, they observed non-Newtonian behavior such as pseudoplastic, thixotropic,
and viscoelastic behavior.
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Figure 3. Contour plot for the effect of glycerol and CMC concentration on the viscosity of
mangosteen-leaves-based marker ink.

Similar results were obtained by Edali et al. [36], who investigated the rheological
behavior of CMC solutions also at higher concentrations. They found that the solution
possessed both non-Newtonian and viscoelastic properties. Other studies also concluded
that the apparent viscosity of CMC solution increased with rising concentrations. The
results were obtained from the flow curves of the CMC solutions at different concentrations
plotted over a log–log scale. This rise in apparent viscosity is due to the increase in the
interactions between the CMC molecules [37].

3.3. Optimization of the Responses

The optimum formulation of marker ink can be achieved with the combination of
glycerol ratio = 5 and CMC ratio = 3, as shown in Figure 4. The desirability of optimization
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was calculated as 0.98495, indicating that all parameters were within the target, which was
to obtain desirable ink properties.
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The value of composite desirability was calculated at 0.98495, which is high and which
proved that the prediction is accurate. It also indicates that all parameters were within the
target of obtaining the desirable ink properties. The optimization was completed within a
set of parameters. For color properties, the target and upper values were set at 24.7 and
29.0, respectively. The target and upper boundary values for viscosity properties were set
at 0.001 and 0.7278, respectively.

3.4. Experimental Validation

From Table 7, it is clear that the average error for color lightness and viscosity were
well below 15% at only 0.50% and 9.09%, respectively. It was concluded that the regres-
sion model established using this method was able to optimize accurately the values for
the responses.

Table 7. Experimental validation for mangosteen-leaves-based marker ink properties.

Sample

Color Lightness (L*) Viscosity (Pa.s)

Experimental
Value

Predicted
Value Error (%) Experimental

Value
Predicted

Value Error (%)

SV1 24.99 24.75 0.97 0.0144 0.0143 0.70
SV2 24.80 24.75 0.20 0.0152 0.0143 6.29
SV3 24.83 24.75 0.32 0.0172 0.0143 20.28

x Error 0.50 x Error 9.09

3.5. Microstructure Analysis of Mangosteen Leaves

Five samples were selected to determine the microstructure of mangosteen leaves
and the drying properties of the marker ink. The samples were dried mangosteen leaves,
boiled leaves without glycerol, and with glycerol showing low (sample S26), moderate
(sample S19), and high (sample S35) value of color lightness. The sample was analyzed
using an SEM.

Figure 5 illustrates SEM micrographs of dry mangosteen leaves at 100× and
500×magnifications. The former magnification shows an image with a relatively cor-
rugated surface, in the form of wrinkles, developed on the leaf samples. The degree of
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surface corrugation was attributed to the drying process of the leaves at ambient temper-
ature. The cell structure shrank slightly as a result of water evaporating from the leaves.
The latter magnification shows no pores on the smooth surface of the dry leaves. This
confirms that the leaves dried due to the evaporation of water at ambient temperature and
not because of the influence of elevated temperature. In this stage, the drying shrinkage
was closely related to the total volume of evaporated water [38].

Polymers 2021, 13, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 5. SEM micrographs of dry mangosteen leaves at 100× (left) and 500× (right) magnification. 

Glycerol was found to exert the most significant effect on color lightness as compared 
to that of other additives. SEM scanning was conducted to investigate the effect of differ-
ent amounts of glycerol on the microstructure of mangosteen leaves. Its addition will sub-
sequently affect the amount of dye extracted from the leaves. 

Based on Figure 6, the SEM micrographs of all samples showed corrugated leaf sur-
face attributed to cell shrinkage. Figure 6a shows shrunken cells but with most of the cell 
wall structures remaining intact adjoining each other. Under high-temperature condi-
tions, the leaves developed a folded cuticle on the adaxial epidermis layer [39]. Further 
magnification at 500× revealed a more definite structure of the leaf samples as compared 
to those under 100× magnification. Based on Figure 6b, boiled mangosteen leaves without 
glycerol showed good bonding between cell wall structures and considerably smooth sur-
faces. The dye was extracted from the leaves by passing it through the small pores be-
tween the cells. These pores were observed at the intercellular space, between neighboring 
epidermal cells. The moderate and large size of irregular oblong pores and disrupted ori-
entation of membranes were formed due to heat stress during the boiling process. 

 

 

Figure 5. SEM micrographs of dry mangosteen leaves at 100× (left) and 500× (right) magnification.

Glycerol was found to exert the most significant effect on color lightness as compared
to that of other additives. SEM scanning was conducted to investigate the effect of dif-
ferent amounts of glycerol on the microstructure of mangosteen leaves. Its addition will
subsequently affect the amount of dye extracted from the leaves.

Based on Figure 6, the SEM micrographs of all samples showed corrugated leaf surface
attributed to cell shrinkage. Figure 6a shows shrunken cells but with most of the cell wall
structures remaining intact adjoining each other. Under high-temperature conditions, the
leaves developed a folded cuticle on the adaxial epidermis layer [39]. Further magnification
at 500× revealed a more definite structure of the leaf samples as compared to those under
100× magnification. Based on Figure 6b, boiled mangosteen leaves without glycerol
showed good bonding between cell wall structures and considerably smooth surfaces.
The dye was extracted from the leaves by passing it through the small pores between the
cells. These pores were observed at the intercellular space, between neighboring epidermal
cells. The moderate and large size of irregular oblong pores and disrupted orientation of
membranes were formed due to heat stress during the boiling process.

A few recent studies described the effect of high temperature on the anatomical and
ultrastructural changes which occurred in the leaf preparations including its organization,
the protective outer layer of epidermis and cuticle as well as stomata [40]. The result is in
agreement with that of Salem-Fnayou, Bouamama, Ghorbel and Mliki [39] which proved
that a high-temperature condition can result in the folded cuticle and disrupted cell wall
organization on the adaxial epidermis layer.

The microstructures of Figure 6a,c were found to be quite similar since the cell wall
structures were still intact and adjoining each other. However, it can be seen that cell wall
structures in sample S35 in Figure 6c,d had collapsed in certain areas and small pores had
developed. The occurrence was due to the highest amount of glycerol used in boiling the
sample. At high concentrations, glycerol is capable of altering plant cell structure. However,
the collapse of cell wall structures is not as severe as samples S19 and S26. Glycerol is
generally used as a solvent in water to extract natural pigments. The alcohol also acts
as a pre-treatment agent and affects the final color produced through improving color
performance [41].
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Figure 6. SEM micrographs of (a,b) boiled dry mangosteen leaves without glycerol, (c,d) sample S35, (e,f) sample S19,
and (g,h) sample S26 at 100× and 500×magnification.

Figure 6e of sample S19 covered with a thin needle-like and small-sized collapsed cell
wall structures which mostly covered the leaf surface. Sample S26, as seen in Figure 6g,
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showed the highest amount of collapsed cell wall when the least amount of glycerol was
used in boiling. The sample, therefore, showed the most significant effect of glycerol and in
agreement with Figure 2. The thicker cell wall structures in sample S26 as compared to that
of sample S19 can be visualized based on the brightness of the aggregated structures. The
formation of the large and thick cell wall structures was probably due to the agglomeration
of the high amount of the collapsed small-sized cell wall structures. Due to the large surface
area and strong attractive interaction between particles, the aggregation process must have
occurred as similarly recorded by other researchers [42]. Aggregation caused the fracture
mechanism to change, with the fracture initiating and developing from the aggregation
center [43].

The findings suggest that a decrease in the amount of glycerol in boiled water may
alter the cell wall structure of the leaves and subsequently increase the dye extracted. The
role of glycerol as dye extraction solvent has two main effects: first, the weakening of
the membrane structures of the cells in which the anthocyanin are stored in cell vacuoles,
and second, the transformation of the extracted anthocyanin into their flavylium form,
which is the most stable form [44]. This condition has been extensively used in technolog-
ical processes to extract dye from other natural sources such as fresh berries and grape
pomace [45].

3.6. Drying Properties of Marker Ink

The thermogravimetric analysis (TGA) is a suitable alternative method in determining
the drying rate of a solution as measured through sample weight loss during a drying
process [31]. The drying rate is affected by the viscosity of a fluid and the rate of evaporation
of a solvent [46]. In this study, four ink samples tested exhibited low, moderate, high, and
optimum color lightness and viscosity properties. To better visualize the weight loss of the
ink samples during the TGA test, a graph of weight loss (in%) as a function of time was
plotted as shown in Figure 7.
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Figure 7. Weight loss as a function of time of sample S35, S19, and S26.

The weight loss for all samples for the first 120 s was very minimal, with a maximum
of approximately 4% loss recorded for sample S35. As the test temperature was increased
the rate of 25 ◦C for every 60 s, the initial drying rate was increased in the first 50 ◦C.
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External factors of a volatile matter, including higher air velocity, lower air humidity, and
higher air temperature contribute to the increase in drying rate [47]. The drying curve
represents the loss of volatiles first by evaporation from a saturated surface above the ink
film followed in turn by a period of evaporation from a saturated surface of gradually
decreasing area and finally when the volatile compounds evaporate from the interior of
the ink’s solid [48]. Sample S35 recorded the highest percentage of weight loss at 64.1%
followed by sample S19 (55.8%), and S26 (53.4%). It can be concluded that the sample S35
with the highest viscosity showed the fastest drying time.

Figure 8 shows the drying rate curves as a function of time in seconds. The drying
rates for samples S19 and S26 were comparable at between 0.01% and 0.13% per second.
Sample S35 shows the fastest drying rate of approximately 0.15% per second over 420
s. Due to the low viscosity of sample S35, the diffusion of solvent molecules (water)
proceeds at a faster rate than a higher viscosity sample which thus has a slower ability to
evaporate [49].
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Figure 8. Weight loss as a function of time of sample S35, S19, and S26.

The slower drying rate of highly viscous samples is due to diffusional mass transport
limitations in the particle phase, arising from the viscous phase of the particles or due to a
combination of oligomer degradation and mass transfer limitations [49]. If a viscous phase
is formed, the mixing within the particle bulk will be kinetically limited, and an equilibrium
process cannot represent the gas-particle partitioning. The drying rate is mainly governed
by the reversible decomposition of oligomers back to monomers [50].

4. Conclusions

For the color lightness test, all factors and interaction effects were highly significant
(p < 0.000) except for CMC. For the viscosity test, all factors and their interactions were
highly significant (p < 0.000) except for glycerol. The contour plot indicated that the lowest
amount of glycerol results in the lowest value of color lightness. A low amount of CMC
results in low viscosity. The optimum formulation of marker ink can be achieved when the
ratio of glycerol, benzalkonium chloride, ferrous sulphate, and CMC is set at 5, 5, 1, and 3,
respectively. SEM micrographs showed the largest amount of cell wall structure collapse in
leaf samples boiled with the lowest amount of glycerol as compared to other samples boiled
in the lower amount of glycerol. Sample S35 recorded the highest percentage of weight
loss at 64.1% followed by sample S19 (55.8%) and S26 (53.4%). It can be concluded that
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the sample S35, which had the highest viscosity, showed the fastest drying time. Several
potential studies have been identified for future investigation including color saturation,
anthocyanin content, and color components.
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