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Kinetics of the Thermal Degradation of Poly(lactic acid) and Polyamide Bioblends
Reprinted from: Polymers 2021, 13, 3996, doi:10.3390/polym13223996 . . . . . . . . . . . . . . . . 361

Ofek Golan, Hila Shalom, Ifat Kaplan-Ashiri, Sidney R. Cohen, Yishay Feldman and Iddo
Pinkas, et al.
Poly(L-lactic acid) Reinforced with Hydroxyapatite and Tungsten Disulfide Nanotubes
Reprinted from: Polymers 2021, 13, 3851, doi:10.3390/polym13213851 . . . . . . . . . . . . . . . . 377

Yuandong Wu, Weishuang Zheng, Yinan Xiao, Beining Du, Xingru Zhang and Min Wen, et
al.
Multifunctional, Robust, and Porous PHBV—GO/MXene Composite Membranes with Good
Hydrophilicity, Antibacterial Activity, and Platelet Adsorption Performance
Reprinted from: Polymers 2021, 13, 3748, doi:10.3390/polym13213748 . . . . . . . . . . . . . . . . 397

Shan Jiang, Tingting Su, Jingjing Zhao and Zhanyong Wang
Biodegradation of Polystyrene by Tenebrio molitor, Galleria mellonella, and Zophobas atratus Larvae
and Comparison of Their Degradation Effects
Reprinted from: Polymers 2021, 13, 3539, doi:10.3390/coatings11030274 . . . . . . . . . . . . . . . 417
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José Miguel Ferri
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Politècnica de València, (UPV) Alcoy, Spain. He holds degrees in Technical Engineering, Industrial

Chemical Engineering, and Materials Engineering. He joined the Technological Institute of Materials

(ITM) in 2008 as a research technician and obtained an international PhD in engineering and

industrial production in 2012. His research work concerns the implementation of a circular economic

model in the polymer industry. He has focused his efforts on obtaining multiple active compounds

from seeds and agroforestry residues for application in thermoplastic and thermosetting polymers.

He has extensive experience in developing techniques for the chemical, thermal, and mechanical

characterization of materials.

Miguel Fernando Aldás Carrasco

Miguel Fernando Aldás Carrasco (h-index 10—Scopus) has been a lecturer and researcher at the
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Preface to ”Advances in Biocompatible and
Biodegradable Polymers-Volume I”

Among the strategies for reducing the negative effects on the environment effected by the

uncontrolled consumption and low potential for the recovery of conventional plastics, the synthesis

of new biodegradable and recyclable plastics represents one of the most promising methods for

minimizing the negative effects of conventional non-biodegradable plastics. The spectrum of existing

biodegradable materials is still very narrow; thus, to achieve greater applicability, research is being

carried out on biodegradable polymer mixtures, the synthesis of new polymers, and the incorporation

of new stabilizers for thermal degradation, alongside the use of other additives such as antibacterials

or new and more sustainable plasticizers. Some studies analyze direct applications, such as shape

memory foams, new cartilage implants, drug release, etc.

The reader can find several studies on the degradation of biodegradable polymers

under composting conditions; however, novel bacteria that degrade polymers considered

non-biodegradable in other, unusual conditions (such as conditions of high salinity) are also

presented.

José Miguel Ferri, Vicent Fombuena Borràs, and Miguel Fernando Aldás Carrasco

Editors
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Article

Enhanced Mechanical Properties and Anti–Inflammation of
Poly(L–Lactic Acid) by Stereocomplexes of PLLA/PDLA and
Surface–Modified Magnesium Hydroxide Nanoparticles
Seung-Woon Baek 1,2,3,†, Jun Hyuk Kim 1,†, Duck Hyun Song 1, Da-Seul Kim 1,4, Chun Gwon Park 2,3,*
and Dong Keun Han 1,*

1 Department of Biomedical Science, CHA University, 335 Pangyo-ro, Bundang-gu, Seongnam-si 13488, Korea
2 Department of Biomedical Engineering, SKKU Institute for Convergence, Sungkyunkwan University (SKKU),

2066 Seobu-ro, Jangan-gu, Suwon-si 16419, Korea
3 Department of Intelligent Precision Healthcare Convergence, SKKU Institute for Convergence,

Sungkyunkwan University (SKKU), 2066 Seobu-ro, Jangan-gu, Suwon-si 16419, Korea
4 School of Integrative Engineering, Chung-Ang University, 84 Heukseok-ro, Dongjak-gu, Seoul 06974, Korea
* Correspondence: chunpark@skku.edu (C.G.P.); dkhan@cha.ac.kr (D.K.H.)
† These authors contributed equally to this work.

Abstract: Poly(L–lactic acid) (PLLA), as a biodegradable polymer, has attracted attention for use
as a biomaterial. In order to apply PLLA as a cardiovascular stent, stronger mechanical properties
and anti–inflammatory effects against acidic by–products are required. In this study, PLLA/PDLA
stereocomplex microparticles (SC) were developed and surface–modified magnesium hydroxide
(MH) nanoparticles with oligolactide were combined with these PLLA composites. The SC improved
the mechanical properties of the PLLA composites through the formation of stereocomplex struc-
tures. The surface–modified MH nanoparticles showed enhanced mechanical properties due to the
stereocomplex structures formed by PLLA chains and inhibited inflammatory responses by pH neu-
tralization as a result of MH. Additionally, the MH nanoparticles containing PLLA composites had
antibacterial effects and increased the viability of human vascular endothelial cells. This technology is
expected to have great potential in the development of PLLA composite materials for the production
of various medical devices, such as cardiovascular stents.

Keywords: Poly(L–lactic acid); Poly(D–lactic acid); stereocomplex; magnesium hydroxide; biodegradable
vascular scaffold; nanoparticles

1. Introduction

Biodegradable polymers are extensively used in biomedical materials for tissue engi-
neering and regeneration to facilitate the healing process [1–3]. Among them, poly(lactic
acid) (PLA) has attracted attention as a biomaterial due to its non–toxicity, elasticity,
biodegradability, good mechanical properties, and approval by the FDA. However, the pro-
duction of certain medical devices, such as cardiovascular stents, requires biomaterials to
have strong mechanical properties, and PLA is weaker than metal, resulting in recoil. Many
researchers have devoted efforts to enhancing the mechanical properties of PLA. Wang et al.
reported on the fabrication of tough PLA composites by adding poly(butylene adipate–
co–terephthalate) (PBAT) and using a multifunctional epoxy oligomer as a crosslinker [4].
Deng et al. reported the development of PLA blends including ethylene–acrylic ester–
glycidyl methacrylate terpolymers (EGMAs) via reactive blending and crystallization by
annealing to obtain super–toughened PLA [5]. However, although the methods described
above can improve the mechanical properties of PLA, they can also cause toxicity in the
human body. Among the various methods for improving mechanical properties, the forma-
tion of stereocomplex structures is a method which allows for excellent biocompatibility.

Polymers 2022, 14, 3790. https://doi.org/10.3390/polym14183790 https://www.mdpi.com/journal/polymers1
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The stereocomplex structures formed by the mixing of enantiomeric poly(L–lactic acid)
(PLLA) and poly(D–lactic acid) (PDLA) increase intermolecular interactions through the
formation of hydrogen bonds and dipole–dipole interactions, resulting in tightly packed
chains side by side, improving thermal stability, hydrolysis resistance, and mechanical
properties [6–8]. Im et al. described the improvement of mechanical properties by in situ
self–nucleated polymerization of PLLA using stereocomplex polylactide (SC–PLA) as a
nucleating agent [9].

PLLA as polyester is degraded by hydrolysis in the body to produce lactic acid
by–products. The lactic acid produced decreases local pH and induces inflammatory re-
sponses [10,11]. In our previous studies, the acidic by–products of biodegradable polymers
were neutralized using magnesium hydroxide [Mg(OH)2, MH] [12–14]. MH is a biocompat-
ible inorganic particle that has been widely used as an antacid agent. The pH–neutralizing
effect of MH was found to reduce inflammatory response and improve tissue regeneration.
In addition, MH has antibacterial properties [15,16]. Heydarian et al. reported that bacterial
infection occurs the expression of pro–inflammatory cytokines, such as interleukin–6 (IL–6),
interleukin–6 (IL–8), and tumor necrosis factor–α (TNF–α), in cells [17]. Unfortunately, the
hydrophilic inorganic particles, such as MH, in hydrophobic polymers are aggregated and
weaken the mechanical properties of the materials. To overcome these problems, many
researchers have studied the surface modification of inorganic particles using ricinoleic
acid, stearic acid, polylactic acid, and silane to improve interfacial bonding between PLLA
and inorganic particles [18–22]. Previously, we have studied the surface modification of
MH using monomers and oligomers of PLLA, such as DL–lactide, oligo(DL–lactic acid)
(ODLLA), and oligo–D–lactide–ε–caprolactone (ODLCL) [23,24].

In this study, we fabricated PLLA composites including surface–modified MH nanopar-
ticles and stereocomplex microparticles (SC) which had anti–inflammatory effects and im-
proved mechanical properties. First, the SC, as homocomposites of PLLA and PDLA, were
fabricated using an oil–in–water emulsion method. Secondly, based on the findings from
our previous studies, the surface of MH was modified with oligo–D–lactide–ε–caprolactone
(ODLCL) (MH–ODLCL). ODLCL, a copolymer of D–lactide and ε–caprolactone, forms a
stereocomplex structure due to the domain of D–lactic acid in the matrix of PLLA. Finally,
a composite composed of PLLA, SC, and MH–ODLCL was developed by the solvent cast-
ing method and hot–pressing for the reduction of inflammatory response and improved
mechanical properties (Figure 1). After configuring the PLLA composites, the mechanical
properties, degradation behavior, and expression of inflammatory factors were evaluated.
These results indicated that the disadvantages of PLLA are mitigated and that the material
can be applied in biodegradable vascular scaffolds.
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Figure 1. A schematic illustration of the preparation of the PLLA composites. The surface of MH 
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2. Materials and Methods 
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Ltd. (Jinan, Shandong, China). Magnesium hydroxide, ε−caprolactone, poly(vinyl alcohol) 

(PVA, Mw ≈ 13,000–23,000), tin(ΙΙ) 2−ethylhexananoate, and 1−octanol were obtained from 

Sigma−Aldrich (St. Louis, MO, USA). Toluene, chloroform, n−hexane, acetone, and di-

chloromethane (DCM) were supplied by Daejung Co. Ltd. (Seoul, Korea). IL−6 and IL−8 

enzyme−linked immunosorbent assay (ELISA) kits were supplied by R&D Systems (Min-

neapolis, MN, USA). Phosphate−buffered saline (PBS) tablets were acquired from Thermo 

Fisher Scientific (Waltham, MS, USA). Proteinase K was obtained from Bioneer Co., Ltd. 

(Daejeon, Korea). 

Gram−negative bacteria (Escherichia coli (E. coli)) and Gram−positive bacteria (Staph-

ylococcus saprophyticus (S saprophyticus)) were supplied by the Korean Collection for Type 

Cultures (KCTC; Daejon, Korea). Luria–Bertani broth (LB broth), Luria–Bertani broth with 

agar (LB agar), nutrient broth, and nutrient agar were obtained from Sigma−Aldrich (St. 

Louis, MO, USA). 

Human coronary artery endothelial cells (HCAECs) and EGM−2 media with an MV 

bullet kit were obtained from Lonza (Basel, Switzerland). A cell−counting kit (CCK−8) was 

purchased from Dongin LS (Korea). PBS solution was obtained from Hyclone (GE 

Healthcare Life Sciences, Logan, UT, USA). All chemicals were laboratory reagent grade 

and used without purification. 

2.2. Preparation and Characterization of the Stereocomplex Microparticles (SC) 

The SC were fabricated using a homogenization method. PLLA solution (DCM, 2 
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Figure 1. A schematic illustration of the preparation of the PLLA composites. The surface of MH
was modified with ODLCL, and the SC were fabricated using PLLA and PDLA. The PLLA compos-
ites contained surface–modified MH and SC to provide anti–inflammatory effects and improved
mechanical properties.

2. Materials and Methods
2.1. Materials

Poly(L–lactic acid) (PLLA) and poly(D–lactic acid) (PDLA) were obtained from
Samyang Biopharmaceutical Corp. (Seongnam-si, Korea). L–Lactide was obtained from
DURECT Co. (Cupertino, CA, USA). D–Lactide was supplied by Haihang Industry Co.,
Ltd. (Jinan, Shandong, China). Magnesium hydroxide, ε–caprolactone, poly(vinyl alco-
hol) (PVA, Mw ≈ 13,000–23,000), tin(II) 2–ethylhexananoate, and 1–octanol were obtained
from Sigma–Aldrich (St. Louis, MO, USA). Toluene, chloroform, n–hexane, acetone, and
dichloromethane (DCM) were supplied by Daejung Co. Ltd. (Seoul, Korea). IL–6 and
IL–8 enzyme–linked immunosorbent assay (ELISA) kits were supplied by R&D Systems
(Minneapolis, MN, USA). Phosphate–buffered saline (PBS) tablets were acquired from
Thermo Fisher Scientific (Waltham, MS, USA). Proteinase K was obtained from Bioneer Co.,
Ltd. (Daejeon, Korea).

Gram–negative bacteria (Escherichia coli (E. coli)) and Gram–positive bacteria (Staphy-
lococcus saprophyticus (S saprophyticus)) were supplied by the Korean Collection for Type
Cultures (KCTC; Daejon, Korea). Luria–Bertani broth (LB broth), Luria–Bertani broth
with agar (LB agar), nutrient broth, and nutrient agar were obtained from Sigma–Aldrich
(St. Louis, MO, USA).

Human coronary artery endothelial cells (HCAECs) and EGM–2 media with an MV
bullet kit were obtained from Lonza (Basel, Switzerland). A cell–counting kit (CCK–8)
was purchased from Dongin LS (Korea). PBS solution was obtained from Hyclone (GE
Healthcare Life Sciences, Logan, UT, USA). All chemicals were laboratory reagent grade
and used without purification.
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2.2. Preparation and Characterization of the Stereocomplex Microparticles (SC)

The SC were fabricated using a homogenization method. PLLA solution (DCM,
2 wt%) was added to 0.5 wt% aqueous PVA solution, followed by homogenization in a
homogenizer operating at 10,000 rpm for 10 min (LSM–A, Silverson, Buckinghamshire,
England). After that, the DCM was evaporated using an evaporator (N–1300, Eyela, Tokyo,
Japan) for 3 h, and the SC were washed under centrifugation.

Field emission scanning electron microscopy (FE–SEM; S–4800, Hitachi, Tokyo, Japan)
was used to observe the surface morphologies of the SC at 15 kv with the SE mode at 3.5 k.
The samples were coated with platinum using an ion coater at 3 mA for 90 s. The average
size and standard deviation of the SC were calculated from more than 500 particles in SEM
images using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Differential scanning calorimetry (DSC; DSC4000, PerkinElmer, Waltham, MA, USA)
was used to analyze the thermal behavior of the PLLA, PDLA, and their composites. Under
nitrogen conditions, samples of approximately 5 mg were heated from 30 to 250 ◦C to
measure non–isothermal crystallization. They were measured at a heating rate of 10 ◦C/min.
The equation below was used to calculate the final crystallinity of homocrystallites and
stereocomplex crystallites (Xc,HC and Xc,SC, respectively):

Xc(%) =
∆Hm

∆H f w f
× 100

where ∆Hm stands for the melting enthalpy for crystallization, ωƒ stands for the weight
fraction of PLLA in the PLLA composites, and ∆Hƒ stands for the melting enthalpy for
completely crystallized homocrystallites or stereocomplex crystallites (93 or 142 J/g). The
equation below was used to calculate the proportion of stereocomplex crystallites (ƒSC) [25]:

fSC(%) =
Xc,SC

Xc,SC + Xc,HC
× 100

The crystalline structures of the PLLA, PDLA, and SC were examined using X-ray
diffraction measurements. An X-ray diffractometer (XRD; D2 phaser, Bruker, Karlsruhe,
Germany) and CuKα radiation was used to record the XRD patterns of the samples, and the
degrees of crystallinity were estimated using crystalline peak areas. Profiles were recorded
with a scattering angle range of 2θ = 0–30◦ and a scan speed of 0.05◦/s [26,27].

An attenuated total reflection Fourier transform infrared spectrometer (ATR–FTIR;
Spectrum Two FT–IR Spectrometer, Perkin Elmer, Waltham, MA, USA) with a resolution
of 4 scans at 1 cm−1 and scales of 890–970 and 2920–3040 cm−1 was used to record the
infrared spectra of the PLLA, PDLA, and SC.

2.3. Synthesis and Characterization of the Surface–Modified Magnesium Hydroxide

The ring–opening polymerization process was used to synthesize the OLLCL and
ODLCL. Lactide and caprolactone were mixed in a ratio of 7:3 and then placed into a
round beaker flask with toluene. After that, Tin(II) 2–ethylhexananoate and 0.0453 mM of
1–octanol 3.839 mM were added, and the flask was purged with a nitrogen atmosphere.
The polymerization occurred at 140 ◦C for 18 h. The synthesized oligomers were dissolved
in chloroform, then precipitated in hexane to remove unreacted monomers and dried.

The oligomer–grafted MH was synthesized by combining the hydroxylate of MH
and the carboxylate of the oligomers. The MH and oligomers (Mw ≈ 7 k) at a 1:1 ratio
were placed into a round beaker flask with chloroform. After chloroform was evaporated
at 90 ◦C for 6 h, the mixture was reacted under vacuum conditions at 150 ◦C for 15 h.
The synthesized MH was washed using a co–solvent of chloroform/acetone (4:6) under
centrifugation (7000 rpm, 10 min).

FE–SEM (15 kv, SE mode, ×130 k) and dynamic laser scattering (DLS; Zetasizer Nano
ZS, Malvern Instruments, Worcestershire, UK) were used to observe surface morpholo-
gies and sizes. The samples were coated with platinum using an ion coater at 3 mA for
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90 s. To observe dispersibility, the MH, MH–OLLCL, and MH–ODLCL were dispersed in
chloroform and left for 3 h at room temperature. ATR–FTIR with a resolution of 4 scans at
1 cm−1 and a scale of 600–4000 cm−1 was used to record the infrared spectra. Thermogravi-
metric analysis (TGA; TGA 4000, PerkinElmer, Waltham, USA) was used to measure the
grafting degree and composition. A mass–temperature curve was recorded under the test
temperature range of 30–800 ◦C at a heating rate of 10 ◦C/min under nitrogen conditions.

2.4. Preparation and Characterization of the PLLA Composites

The PLLA composite manufacturing process was divided into two steps. In the
first step, the solvent casting method was used to fabricate the PLLA composites. After
5 g of PLLA and 10 phr of oligomer–grafted MH were added to 70 mL of chloroform,
the mixture was poured into a Teflon mold, and the solvent was evaporated at room
temperature for 24 h. In the second step, a compression molding machine (QM900A,
QMESYS, Gyangmyung, Korea) was used for the thermal melting and hot–pressing of the
composites. The composites from the previous step and the SC (5 phr) were mixed and then
hot–pressed at 160 ◦C for 5 min. FE–SEM (15 kv, SE mode, ×500) was used to observe the
surface morphologies of the PLLA composites, and energy–dispersive spectroscopy (EDS)
connected to the FE–SEM was used to measure the chemical compositions of the specimens.
The samples were coated with platinum using an ion coater at 3 mA for 90 s. ATR–FTIR
was used to record the infrared spectra of the PLLA composites, and TGA was used to
measure the grafting degree and composition of the PLLA composites. The crystalline
structures of the PLLA composites were examined via XRD. Profiles were recorded at a
scattering angle range of 2θ = 0–40◦ and a scan speed of 0.05◦/s. The thermal behavior of
the PLLA composites was analyzed using a DSC.

2.5. Mechanical Properties

A universal testing machine (UTM; TO–101, Testone, Siheung, Korea) was used to
investigate tensile strength, elongation, and Young’s modulus, following ASTM standard D638.
The PLLA composites were produced as dumb–bell–shaped specimens (14 × 6 × 2 mm3).
They were investigated at room temperature under a crosshead speed of 10 mm/min.

2.6. Degradation Behavior

To observe degradation behavior, the PLLA composites were fabricated into rectan-
gular shapes (10 mm × 5 mm). After each sample was weighed, it was placed in 1 mL of
PBS solution at pH 7.4 with proteinase K (0.04 mg/mL). This experiment was progressed
at 37 ◦C for 4 days. A digital pH meter (Five Easy Plus, Mettler Toledo, Columbus, OH,
USA) was used to evaluate the change in pH at identical times. To measure the remaining
mass, a solution of the samples was washed with distilled water 3 times and dried under a
vacuum. To measure the remaining mass, the solution of the samples was removed and
dried under vacuum for 4 h. The following equation was used to calculate the weight loss
of the samples [23]:

Weight loss (%) =
WAD
WBD

× 100

where WBD refers to the weight of the PLLA composites before degradation and WAD refers
to the weight of the PLLA composites after degradation for a certain number of days.

2.7. Antibacterials Assay

E. coli were incubated in Luria–Bertani broth (LB broth; L3022, St. Louis, MO, USA,
Sigma –Aldrich) and Luria–Bertani broth with agar (LB agar; L2897, St. Louis, MO, USA,
Sigma–Aldrich) at 37 ◦C with aeration. S. saprophyticus were incubated in nutrient broth
(70122, St. Louis, MO, USA, Sigma–Aldrich) and nutrient agar (70148, St. Louis, MO,
USA, Sigma–Aldrich), also at 37 ◦C with aeration. After 16 h, the Gram–negative and
Gram–positive bacteria were centrifuged and then resuspended in sterilized 0.85% NaCl
solution. The density of the bacteria solution was calculated to be approximately 104 CFU
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(colony–forming units)/mL. The PLLA composites were added to 1 mL of the bacterial
suspension for antibacterial testing. The composite scaffolds with the bacteria suspension
were incubated at 37 ◦C for 1 day. Then, 100 µL of diluted bacterial suspension with the
PLLA composites was spread on agar plates, and the plates were incubated overnight at
37 ◦C. The bactericidal effects were evaluated in terms of the CFUs using image J.

2.8. Cell Viability and Inflammation

HCAECs were grown in an EGM2–MV bullet kit in a humidified atmosphere with
5% carbon dioxide (CO2) at 37 ◦C. HCAECs were seeded at a density of 5 × 104 cells/well
in a 24–well cell culture plate and treated with degradation product at 60 ◦C for 21 days.
After 24 h, the viability of cells and inflammatory response were determined using a CCK–
8 assay kit and an ELISA kit for IL–6 and IL–8, respectively. The processes were conducted
according to the provided protocols.

2.9. Statistical Analysis

The quantitative results were expressed as means ± standard deviations (SDs).
# p < 0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05 indicate statistically significant differ-
ences. Statistical significance was evaluated by one–way analysis of variance (ANOVA)
following Tukey’s method, using GraphPad Prism 7.0 software (GraphPad Software Inc.,
San Diego, CA, USA).

3. Results and Discussion
3.1. Characterization of the Stereocomplex Microparticles

The stereocomplex microparticles (SC) were fabricated using a homogenizer to provide
enhanced mechanical properties in a PLLA matrix. Figure 2A shows an SEM image of the
SC. The SC exhibited spherical morphologies and were of various sizes. The average size of
the SC measured using SEM imagery was 1.433 ± 0.704 µm (Figure 2B). Figure 2C displays
DSC thermograms of a second heating scan of the PLLA, PDLA, and SC. The endothermic
peak of homocrystallines of PLLA and PDLA were observed at 179 ◦C, whereas, for the
SC observed the two endothermic homocrystallines and stereocomplex crystallines peaks
at 178.21 and 220.28 ◦C, respectively [28–30]. Table 1 summarizes the corresponding
parameters for the DSC thermograms for the PLLA, PDLA, and SC. These results showed a
sharp decrease in XC,HC and formation of XC,SC and f sc in the SC. Figure 2D shows XRD
patterns for the PLLA, PDLA, and SC. The PLLA and PDLA had large homocrystal peaks
at 2θ = 16.6 and 18.8◦, while the SC showed large homocrystal peaks at 2θ = 16.7◦ as well
as stereocomplex crystal peaks at 2θ = 11.8, 20.7, and 23.9◦ [27,31]. The FTIR spectra for the
PLLA, PDLA, and SC are presented in Figures 2E and 2F. As shown in Figure 2E, compared
to the PLLA and PDLA, the SC showed FTIR absorption at 908 cm−1, indicating 31–helical
conformations of stereocomplex crystallines in the SC. Figure 2F displayed a low–frequency
shift of C–H stretching at 2995 to 2994 cm−1 and 2945 to 2942 cm−1 by hydrogen bond
formation between two groups among C–O, C–CH3, and C–CH2 stretching [25].

Table 1. Thermal properties of the PLLA, PDLA, and SC.

Tg
(◦C)

Tc
(◦C)

Tm,HC
(◦C)

∆Hm,HC
(J/g)

Tm,SC
(◦C)

∆Hm,SC
(J/g)

XC,HC
(%)

XC,SC
(%)

fSC
(%)

PLLA 66.68 111.92 179.42 64.49 – – 69.34 – –
PDLA 66.62 104.62 179.88 63.08 – – 67.83 – –

SC 67.76 112.18 178.21 15.97 220.28 28.84 17.17 20.31 54.19
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3.2. Characterization of the Surface–Modified Magnesium Hydroxide Nanoparticles

Figure 3A shows an SEM image of the surface–modified MH nanoparticles (MH–
OLLCL and MH–ODLCL). The sizes of both the MH–OLLCL and MH–ODLCL were
approximately 40 nm. As shown in Figure 3B, the average sizes of the MH, MH–OLLCL,
and MH–ODLCL particles in an organic solvent analyzed by DLS were 2111 ± 449.8,
75.56 ± 13.24, and 76.93 ± 10.25 nm, respectively, which were slightly larger than the sizes
determined from the SEM images due to the hydrodynamic volumes of the DLS method.
The sizes of the MH–OLLCL and MH–ODLCL were smaller than those of the MHs, because
the hydrophilic MHs aggregated in the organic solvent, whereas the surface–modified
MH–OLLCL and MH–ODLCL with their hydrophobic oligomers had high stabilities in
the organic solvent. Figure 3C shows the dispersion of the MHs, MH–OLLCL, and MH–
ODLCL. Compared to the MHs, the surface–modified MH nanoparticles showed stable
dispersity. The chemical structures of the synthesized MH–OLLCL and MH–ODLCL were
analyzed by ATR–FTIR (Figure 3D). The unmodified MHs had peaks of –OH stretching at
3699 cm−1. The peaks at 1760 cm−1 of the oligomers (OLLCL and ODLCL) represented
the carbonyls of the ester groups. The MH–OLLCL and MH–ODLCL had peaks of shifted
ester bonds at 1644 cm−1, which demonstrated that the OLLCL and ODLCL had been
successfully modified on the surface of the MH nanoparticles. Figure 3E shows the amounts
of OLLCL and ODLCL grafted on the surface of MHs measured by TGA. The weights
of unmodified MH nanoparticles decreased in the temperature range of 280 to 450 ◦C, as
the MH decomposed to magnesium oxide (MgO). The weight loss for the MHs reached
32.7% at 700 ◦C, and the weight losses for the MH–OLLCL and MH–ODLCL were 42.6 and
42.2%, respectively [32]. When the remaining MgO was converted into MH, the amounts
of MH–OLLCL and MH–ODLCL were 16.9 and 16.3%, respectively.
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3.3. Characterization of the PLLA Composites

Figure 4A shows SEM images and corresponding EDS mappings for the PLLA,
PLLA/SC, PLLA/MH–OLLCL, PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL, and PLLA/
SC/MH–ODLCL nanoparticles. All samples displayed smooth and uniform surfaces.
The distribution of C, O, and Mg elements in each sample was observed via EDX anal-
ysis. The C and O mapping results were similar across all samples. While Mg ele-
ments were not detected in the PLLA and PLLA/SC nanoparticles, they were evenly
distributed in the PLLA/MH–OLLCL, PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL, and
PLLA/SC/MH–ODLCL composites. To further confirm the MH in the PLLA composites,
the PLLA, PLLA/SC, PLLA/MH–OLLCL, PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL,
and PLLA/SC/MH–ODLCL nanoparticles were measured by ATR–FTIR (Figure 4B). Com-
pared with the PLLA and PLLA/SC composites, the PLLA/MH–OLLCL, PLLA/MH–
ODLCL, PLLA/SC/MH–OLLCL, and PLLA/SC/MH–ODLCL nanoparticles had an –OH
stretching absorption peak for MH at 3697 cm−1. The amounts of MH contained in the PLLA
composites were measured using TGA thermograms (Figure 4C). The PLLA/MH–OLLCL,
PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL, and PLLA/SC/MH–ODLCL composites
contained approximately 8% MH. In Figure 4D, to investigate crystallization by the stereo-
complex structures, XRD patterns were estimated. The PLLA/SC, PLLA/SC/MH–OLLCL,
and PLLA/SC/MH–ODLCL composites containing SC showed weak stereocomplex crys-
tal peaks at 2θ = 11.8 [27,31]. However, a stereocomplex crystal peak was not observed for
the PLLA/MH–ODLCL because it was hidden by the strong crystal peak of MH. To further
analyze stereocomplex structures, the nonisothermal crystallization and melting behaviors
of PLA composites were evaluated by DSC (Figure 4E). Table 2 lists the thermal parameters
obtained for the PLLA composites. All samples had Tg ranges from 55 to 63 ◦C and a Tm for
homocrystallines of approximately 166 ◦C. The PLLA/MH–OLLCL, PLLA/MH–ODLCL,
PLLA/SC/MH–OLLCL, and PLLA/SC/MH–ODLCL composites containing MH indicated
exothermic peaks at the Tm position for stereocomplex crystallines, since the PLLA/MH
showed an exothermic peak at about 230 ◦C (Figure S1). However, it had a different
melting enthalpy by offsetting between the exothermic peak of MH and the endothermic
peak of stereocomplex crystallines. The melting enthalpies of the PLLA/MH–OLLCL,
PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL, and PLLA/SC/MH–ODLCL composites
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were 66.00, 52.49, 32.65, and 32.04 J/g, respectively. The MH–ODLCL had lower melting
enthalpies than the MH–OLLCL due to their stereocomplex structures. Compared with the
MH–OLLCL and MH–ODLCL, the melting enthalpies of the PLLA/SC/MH–OLLCL and
PLLA/SC/MH–ODLCL composites were greatly reduced by the SC. The stereocomplex
crystal peak for the PLLA/SC nanoparticles was also not exhibited. Tashiro et al. investi-
gated stereocomplex crystal peaks according to PLLA/PDLA blend samples with various
L/D form ratios [33]. They demonstrated that the stereocomplex crystal peak did not
appear below a 9/1 ratio. Figure S2 shows ATR–FTIR spectra for the PLLA and PLLA/SC
particles which demonstrate the stereocomplex structures of the PLLA/SC nanoparticles.
The PLLA/SC showed FTIR absorption at 908 cm−1, indicating 31–helical conformations of
stereocomplex crystallines [25]. These results suggest that stereocomplex structures were
formed in the PLLA composites by the SC and MH–ODLCL.
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Figure 4. Characterization of the PLLA composites. (A) SEM image, (B) ATR–FTIR spectra, (C) TGA
thermograms, (D) XRD spectra, and (E) DSC thermograms of the PLLA, PLLA/SC, PLLA/MH–
OLLCL, PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL, and PLLA/SC/MH–ODLCL composites.

Table 2. Thermal properties of the PLLA, PLLA/SC, PLLA/MH–OLLCL, PLLA/MH–ODLCL,
PLLA/SC/MH–OLLCL, and PLLA/SC/MH–ODLCL composites.

Tg
(◦C)

Tc
(◦C)

Tm,HC
(◦C)

∆Hm,HC
(J/g)

XC,HC
(%)

PLLA 63.37 – 167.03 8.971 9.64
PLLA/SC 55.98 111.98 167.47 28.19 30.31

PLLA/MH–OLLCL 56.51 91.78 160.58 32.46 34.90
PLLA/MH–ODLCL 56.93 93.18 161.38 30.29 32.56

PLLA/SC/MH–OLLCL 55.81 91.32 160.45 27.95 30.05
PLLA/SC/MH–ODLCL 56.32 93.79 160.55 27.45 29.51

3.4. Mechanical Properties of the PLLA Composites

The mechanical properties of the PLLA composites were investigated by UTM. Figure 5A
shows the tensile strengths of the PLLA composites. The PLLA/MH–OLLCL composite had
a similar result to pure PLLA. In contrast, the tensile strength of the PLLA/MH–ODLCL
composite increased compared to that of pure PLLA, because the MH–ODLCL formed
stereocomplex structures with PLLA chains. The PLLA/SC, PLLA/SC/MH–OLLCL, and
PLLA/SC/MH–ODLCL composites, in which stereocomplex structures formed between the
SC and PLLA chains, had significantly improved tensile strengths of 63.7, 63.3, and 64.0 MPa,
respectively. The elongation of all samples was around 2% (Figure 5B). Surface–modified
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MH and SC in the PLLA composites did not affect elongation. The Young’s moduli for the
PLLA, PLLA/SC, PLLA/MH–OLLCL, PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL, and
PLLA/SC/MH–ODLCL composites were 4.06, 4.30, 4.38, 4.50, and 4.61 GPa, respectively.
The inclusion of SC increased the Young’s moduli by the formation of stereocomplex struc-
tures. The inclusion of surface–modified MH increased interaction between the PLLA chains
and the surface–modified MH, resulting in improved Young’s moduli. Among the PLLA
composites containing surface–modified MH, the PLLA/MH–ODLCL composite showed
an enhanced Young’s modulus relative to the PLLA/MH–OLLCL composite due to the
formation of stereocomplex structures. When both the surface–modified MH and SC were
included, the Young’s modulus increased further as a result of their synergistic effect, and the
PLLA/SC/MH–ODLCL composite had the highest Young’s modulus.
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PLLA/SC/MH–OLLCL, and PLLA/SC/MH–ODLCL composites: (A) tensile strength, (B) elongation,
and (C) Young’s modulus (* p < 0.05, ** p < 0.01, *** p < 0.001, # p < 0.0001).

3.5. Degradation Behavior of the PLLA Composites

The degradation of the PLLA composites took place under accelerated conditions with
proteinase K in PBS solution over 4 days. Figure 6A shows the change in pH values for
the PLLA, PLLA/SC, PLLA/MH–OLLCL, PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL,
and PLLA/SC/MH–ODLCL composites. The pH values for the PLLA and PLLA/SC
continuously decreased during degradation over the 4 days to 6.4 and 6.3, respectively.
Meanwhile, the PLLA/MH–OLLCL, PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL, and
PLLA/SC/MH–ODLCL composites maintained neutral pHs at 7.22, 6.89, 6.98, and 7.08,
respectively, because the MH in the PLLA composites released basic magnesium ions
that neutralized the acidic by–products of the PLLA [34]. The residual weights of the
PLLA and PLLA/SC did not degrade and were maintained at around 100% over the
4 days. In the PLLA/MH–OLLCL and PLLA/SC/MH–OLLCL composites, the residual
weights decreased to 49.73 and 49.23%, respectively, over the 4 days. These results were
due to the accelerated degradation, as MH was initially released and water molecules
penetrated the MH–released sites. Compared to the PLLA composites containing MH–
OLLCL, the PLLA/MH–ODLCL and PLLA/SC/MH–ODLCL composites were slowly
degraded due to their being densely packed and their enhanced intermolecular interactions
(57.43 and 58.89%, respectively). Thus, the PLLA composites with MH can biodegrade
within 24 months to suppress the inflammation that occurs during long–term implantation.
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Figure 6. Changes in (A) pH value and (B) residual weight during degradation in PBS solution with
proteinase K at 37 ◦C over 4 days for the PLLA, PLLA/SC, PLLA/MH–OLLCL, PLLA/MH–ODLCL,
PLLA/SC/MH–OLLCL, and PLLA/SC/MH–ODLCL composites.

3.6. Biological Properties of the PLLA Composites

Figure 7 shows results of the investigation of the bactericidal activity of each of
the PLLA composites. Antimicrobial activity results for the PLLA and the PLLA/SC,
PLLA/MH–OLLCL, PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL, and PLLA/SC/MH–
ODLC composites showed that the Gram–negative bacteria (E. coli) were inhibited by 1.72,
3.32, 70.86, 71.66, 71.75, and 71.80%, respectively, and that the Gram–positive bacteria
(S. saprophyticus) were inhibited by 11.71, 13.33, 60.62, 62.28, 62.35, and 61.07%, respec-
tively. Compared to the PLLA and the PLLA/SC, the PLLA composites containing MH
significantly inhibited both E. coli and S. saprophyticus due to the presence of MH. These
results suggest that the PLLA composites containing MH have antibacterial effects, since
the adsorption of Mg2+ ions destroys bacterial cell walls and induces cell death [16,35–39].
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Figure 7. The bactericidal activity of each PLLA composite was investigated. Representative images
showing the antimicrobial activities against Gram–negative bacteria (E. coli; A,B) and Gram–positive
bacteria (S. saprophyticus; C,D) of the PLLA and the PLLA/SC, PLLA/MH–OLLCL, PLLA/MH–
ODLCL, PLLA/SC/MH–OLLCL, and PLLA/SC/MH–ODLCL composites and their respective
quantifications (# p < 0.0001).
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The cell viability of HCAECs was evaluated under treatment with L–lactic acid (L–Lac,
12 mM), the degradation product of PLLA, and with surface–modified MH (Figure S3). The
cell viability of HCAECs was reduced to 36% when treated with L–Lac. On the other hand,
the L–Lac and surface–modified MH treated groups demonstrated cell viabilities of more
than 80%. On the basis of these results, it was demonstrated that the acidic degradation
products of PLLA induced damage to HCAECs and that the MH inhibited damage to
HCAECs by neutralizing the acidic degradation products.

To investigate the biocompatibility of the PLLA composites in vitro, HCAECs were
treated with degradation products obtained under accelerated conditions (Figure 8).
Figure 8A shows cell viability at 24 h as quantified by CCK–8. Compared to the PLLA/MH–
OLLCL, PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL, and PLLA/SC/MH–ODLCL com-
posites, the cell viability of the PLLA and PLLA/SC decreased due to acidic degradation
by–products. On the other hand, cell viability did not decrease for the PLLA composites
including MH due to the neutralization of the acidic degradation products by MH. In
addition, the release of magnesium ions by dissociated MH affects mitochondrial RNA
splicing protein 2 (MRS2) and transient receptor potential cation channel subfamily M
member 7 (TRPM7) and maintains the homeostasis of HCAECs [10]. The expression of
pro–inflammatory cytokines was investigated using an ELISA kit (Figure 8B,C). Compared
to PLLA and PLLA/SC, the PLLA/MH–OLLCL, PLLA/MH–ODLCL, PLLA/SC/MH–
OLLCL, and PLLA/SC/MH–ODLCL composites showed decreased expression of IL–6 and
IL–8. Consequently, MH significantly prevented noninfectious inflammatory reactions
caused by lactic acid derived from PLLA. Riemann et al. reported that an acidic environ-
ment leads to pathological gene expression and induces an inflammatory response [34,40].
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Figure 8. In vitro biocompatibility test of the PLLA and PLLA/MH, PLLA/SC, PLLA/MH–OLLCL,
PLLA/MH–ODLCL, PLLA/SC/MH–OLLCL, and PLLA/SC/MH–ODLCL composites. (A) HCAECs
cell viability with the degradation product of the PLLA composites treatment for 24 h. The expressions
of (B) IL–6 and (C) IL–8 in HCAECs after 24 h, as determined by ELISA (** p < 0.01, *** p < 0.001,
# p < 0.0001).

4. Conclusions

Among biodegradable polymers, PLLA has attracted attention as a biomaterial due to
its non–toxicity, elasticity, biodegradability, and good mechanical strength. However, it is
unsuitable for producing items that require high mechanical strength, such as cardiovascu-
lar stents, and pH at the implant site in the body is reduced by its degradation products,
which induces an inflammatory response. In this study, the composite, including SC and
modified MH in PLLA, was successfully prepared for formation of sterocomplex structure
and anti-inflammatory effect.

We investigated the formation of stereocomplex structures and the anti–inflammatory
effects of SC and surface–modified MH in the PLLA composites. The PLLA composites con-
taining SC and surface–modified MH showed significantly improved mechanical properties
due to the existence of stereocomplex structures and inhibited inflammatory responses in
vascular endothelial cells. In addition, they recently displayed antibacterial effects that are
considered important in biomedical materials [39,41].
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There is a limitation to this study. Since it is known that the degradation period of
PLLA is more than 24 months, we measured the degradation behavior of PLLA composites
using proteinase K under accelerated conditions [42]. When the PLLA was hydrolyzed
at 37 ◦C, the pH value remained neutral for up to 40 weeks and the mechanical strength
decreased from 6 months [42,43]. Therefore, it can be inferred that the method using
proteinase K quickly passed the period of maintained mechanical strength. In a future
study, we plan to degrade the PLLA composites at 37 ◦C over 2 years to measure their
mechanical properties and degradation behavior.

These PLLA composites are expected to be applied in the future as biomaterials in the
production of such items as biodegradable vascular scaffolds with improved mechanical
properties and reduced cytotoxicity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14183790/s1, Figure S1: DSC thermograms of the PLLA/MH,
Figure S2: ATR–FTIR spectra of the PLLA and PLLA/SC, Figure S3: Cell viability of HCAEC in
12 mM L–Lac with surface–modified MH at a concentration of 10 phr for 24 h.
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Abstract: Fungal pathogens cause significant yield losses of many important crops worldwide. They
are commonly controlled with fungicides which may have negative impact on human health and
the environment. A more sustainable plant protection can be based on carbohydrate biopolymers
because they are biodegradable and may act as antifungal compounds, effective elicitors or carriers
of active ingredients. We reviewed recent applications of three common polysaccharides (chitosan,
alginate and cellulose) to crop protection against pathogenic fungi. We distinguished treatments
dedicated for seed sowing material, field applications and coating of harvested fruits and vegetables.
All reviewed biopolymers were used in the three types of treatments, therefore they proved to be
versatile resources for development of plant protection products. Antifungal activity of the obtained
polymer formulations and coatings is often enhanced by addition of biocontrol microorganisms,
preservatives, plant extracts and essential oils. Carbohydrate polymers can also be used for controlled-
release of pesticides. Rapid development of nanotechnology resulted in creating new promising
methods of crop protection using nanoparticles, nano-/micro-carriers and electrospun nanofibers. To
summarize this review we outline advantages and disadvantages of using carbohydrate biopolymers
in plant protection.

Keywords: phytopathogenic fungi; polysaccharides; plant protection; antifungal coatings; seed
coating; seed treatments; field applications; pre-harvest treatments; post-harvest treatments; edible
coatings

1. Introduction

Agriculture today faces a challenge of having to produce food for the growing human
population, while pests and pathogens constantly reduce the crop. Global estimates of yield
losses caused by pests and pathogens in five major food crops (including wheat, rice, maize,
potato and soybean) range from 17.2% to 30.0% [1]. Among the pathogens, fungi and
oomycetes are considered to be the most destructive [2,3]. Key aspects of biology of these
organisms, important from the epidemiological perspective, include broad host ranges,
high virulence, high reproductive potential and ability to survive outside the plant host as a
saprophyte or durable spores [3]. Fungal and oomycete pathogens pose a growing threat to
the global food security because they spread to new areas with trade and transport or due to
climate change. Moreover, common agricultural practices do not help to combat epidemics,
as genetically uniform crops are grown in large areas in monocultures while their protection
relies on single resistance genes in the plants or/and single-target-site fungicides. Selection
pressures in such agroecosystems favor prolific variants of fungicide-resistant pathogens
which are able to overcome plant resistance [4].

Introduction of first synthetic organic fungicides (thiram, zineb and nabam) in the 1940s
initiated a rapid development of the plant protection industry. In the next three decades,
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many new active compounds representing major classes of fungicides were produced and
applied to plant protection, first to horticultural crops and then to cereals [5]. Soon fungi-
cide treatments became a common practice in agriculture and they were associated with
a significant increase in yield, ranging from 14% to 100% depending on the crop [6]. The
current list of fungal control agents includes over 230 compounds, and the development of
new ones is driven by fungicide resistance management [7,8]. However, widespread usage
of pesticides was also associated with the contamination of terrestrial and aquatic ecosys-
tems, toxic effects on non-target organisms and negative impact on human health [9,10].
The growing concerns about these problems have led to introducing regulations concerning
safe and efficient use of these agrochemicals and a registration of new active ingredients
worldwide [11]. A recent “Farm to Fork Strategy” adopted by the European Commission
aims at 50% reduction in the use of chemical pesticides by 2030 [12].

Few alternative approaches were proposed to address the challenge of significant
reduction in pesticide use. Lázaro et al. [13] suggested, based on their meta-analysis, that
50% reduction in fungicide use can be achieved by employing decision support systems,
which will help the farmers to plan fungicide application based on an observed or a
predicted risk of fungal disease. Nevertheless, the agrochemical industry responds to the
challenges in plant protection differently-by exploring other two alternative approaches:
developing advanced types of fungicides with novel modes of action and improving
application of conventional fungicides by means of targeted delivery systems based on
encapsulation technology [14]. Another approach is to search for ingredients of safer plant
protection formulations among metal/metal oxide nanoparticles, plant extracts, essential
oils, antagonistic microorganisms or food additives (e.g., [14,15]).

Carbohydrate biopolymers can also be used to develop plant protection products
which will form an alternative to conventional fungicides. These biopolymers can be ob-
tained in large amounts from many natural sources. They are also non-toxic and biodegrad-
able, and therefore suitable for use in organic agriculture. Moreover, they can interact
with many hydrophobic and hydrophilic compounds in more complex formulations [16].
There are three functions carbohydrate biopolymers may play in plant protection against
pathogenic fungi. Firstly, they may directly interact with fungi by inhibiting spore germina-
tion and mycelial growth, what was shown in case of chitosan [17,18]. Secondly, they may
act as effective elicitors inducing the plant immune system to cope with pathogens [19].
Thirdly, they may be used as carrier in controlled-release formulations of agrochemicals or
other active ingredients [16].

Plants are threatened by fungi at different stages of their growth, hence different types
of treatments were developed to ensure efficient plant protection (Figure 1). Firstly, seeds
may be colonized by pathogenic fungi or they cope with them during germination in the soil.
Therefore, various seed treatments were developed to enhance the quality of seed sowing
material and to improve plant emergence in the field [20–22]. Secondly, in the field, plants
are exposed to a variety of air- and soil-borne pathogens, hence antifungal formulations
are applied in a form of foliar sprays or soil treatments in order to provide adequate
protection [23,24]. Finally, ripe fruits and vegetables may be colonized by fungi which
decrease their storability and induce decay; therefore, additional plant protection is required
before or after harvest and it is frequently applied in a form of edible coatings [25,26].

Here we aim at reviewing recent studies on using carbohydrate polymers in antifungal
formulations dedicated for the above-mentioned stages of crop production, for: seed
treatments, use in the field and treatments of harvested crops. We will focus on three
commonly available biopolymers: chitosan, alginate and cellulose.
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2. Chitosan

Chitin is the second most abundant renewable biopolymer in the world [27]. It occurs
in marine shellfish, insects, mushrooms and yeast. The highest percentage content of
chitin has been observed in shells and tails of crabs, shrimps and lobsters [28]. The best-
known derivative of chitin is chitosan, which is a polycationic polymer isolated after
the deacetylation of chitin. Chitosan is a linear polymer β-(1→4)-linked D-glucosamine
and N-acetyl-D-glucosamine. Compared to chitin, chitosan is more functional due to its
amino based functional groups stretching along the chain [29]. In addition, the protonation
intensity of amino groups also plays a vital role in its functionality. Following the process
of deacetylation, chitosan can be obtained from the solution in different forms, such as
powder, fiber and sponges [30]. The molecular weight (Mw), degree of deacetylation (DA),
ionic concentration, pH, the nature of the acid and the distribution of acetyl groups along
with the main chain essentially influence the solubility of chitosan. Being a cationic polymer,
chitosan displays instability in media with variable pH and ionic strength. This biopolymer
has a variety of unique functional characteristics, such as biodegradability, biocompatibility,
nontoxicity, antibacterial and antifungal properties. Its biological properties depend on
factors such as the DA, Mw, polymerization, viscosity and dissociation constant. It has
versatile mechanical properties, which have led to its enhancement of use in different
applications such as encapsulation technology and controlled release coatings [31].

The most useful property of chitosan in agriculture is that it can act as a trigger in
plant defense against pathogenic microorganisms. In addition, chitosan shows broad-
spectrum antimicrobial effects against bacteria, fungi and viruses. Generally, chitosan is
more effective against fungi than bacteria and it often exhibits higher inhibition effects
on Gram-positive bacteria than Gram-negative bacteria, possibly because Gram-negative
bacteria have an outer membrane structure in the cell wall affecting the cellular entry of
chitosan [32]. Chitosan is widely used in agriculture in pre- and post-harvest treatments of
crops to control microbial infections [18]. Chitosan-induced inhibition was observed in stud-
ies focusing on assessment of mycelial growth, sporulation, spore viability and germination
and the production of fungal virulence factors. Chitosan has also been applied as a sole
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ingredient or composite with other elements especially with metals particles for enhanced
anti-fungal effects [33]. For example, silver nanoparticles were incorporated into chitosan
and tested the nanocomposite formulation as an anti-fungal agent against Rhizoctonia solani,
Aspergillus flavus and Alternaria alternata isolated from chickpea seeds. Importantly from
economical point of view, chitosan affects germination and hyphal morphology fungal of
pathogens threatening harvested crops (e.g., Rhizopus stolonifer and Botrytis cinerea) [34].
This polymer also inhibits the growth of many other plant pathogenic and mycoparasitic
fungi (such as Colletotrichum spp., Alternaria spp. or Trichoderma spp.). Sensitive fungi
show energy-dependent plasma membrane permeabilization by chitosan [35]. As a broad-
spectrum fungicide, chitosan has been shown to be effective against several fungal plant
pathogens. It can effectively inhibit the development of phytopathogenic fungi at different
life-cycle stages. Chitosan has been shown to inhibit infections caused by fungi such as
B. cinerea or F. oxysporum f. sp. radicis-lycopersici [36]. The antifungal activity of chitosan on
plant depends on the type, concentration and test organism. For example, when effect of
two types of chitosan (92.1 kDa and 357.3 kDa) was tested on Penicillium italicum, at a con-
centration of 0.1%—chitosan of lower Mw was more effective in inhibiting fungal growth,
while at a concentration of 0.2%—chitosan of higher Mw showed stronger antifungal
activity [37].

Chitosan oligosaccharides (COS) are the degraded products prepared by chemical or
enzymatic hydrolysis of chitosan or chitin derived mainly from crustacean shells. They
are composed of glucosamines linked by β-1,4-glycosidic bonds [38]. The degrees of
polymerization of COS are usually 2–20 [39]. In recent years, COS has received a lot
of attention due to their physicochemical properties, such as high water solubility, low
viscosity, biocompatibility and biodegradability. Furthermore, COS were demonstrated
to have various activities in the plant protection such as inducing plant resistance to
pathogens, promoting its growth and development and improving the quality and yield of
plant products [40].

2.1. Chitosan seed Treatments

Antifungal seed treatments provide protection against seed borne or soil borne
pathogenic fungi, which can significantly lower seed germination and plant emergence
in the field. Chitosan in such treatments is usually applied in a form of solution for seed
soaking or coating (Table 1). For example, Silva-Castro et al. [41] searched for an effective
method to protect seeds and seedlings of pine trees from Fusarium circinatum, a dangerous
pathogen threatening pine forests in Spain. They developed seed coating treatments using
low and medium Mw chitosan (20 kDa and 60–130 kDa, respectively) and/or propolis
ethanolic extract. They applied these treatments to the pine tree seeds inoculated with
the pathogen. All coating treatment resulted in improved survival of the Pinus sylvestris
seedlings under pathogen pressure. However, a low Mw chitosan treatment also had a pos-
itive influence on total phenolic content and antioxidant capacity of the seedlings; therefore,
this seed treatment was selected as the most beneficial for protection of P. sylvestris.

Effectiveness of chitosan against seed borne pathogens was studied in case of Jatropha curcas,
which is an industrial plant cultivated on many continents. Pabon-Baquero et al. [42] tested
effects of chitosan on fungi (Fusarium equiseti and Curvularia lunata) isolated from unger-
minated J. curcas seeds. Chitosan applied at different concentrations (0.5–4.0 mg mL−1)
inhibited mycelium growth and affected sporulation and spore germination of both species
in vitro. Application of chitosan on pathogen inoculated seeds reduced the infection and
had no negative effect on seed germination.

Seed borne fungi (e.g., Aspergillus niger, Alternaria alternata and Rhizopus sp.) have
a negative impact on germination of artichoke seeds leading to significant losses of this
crop. Therefore, Ziani et al. [43] tested effects of chitosan seed coatings on germination
of this crop. In all treatments, chitosan reduced number of fungi detected on seeds and
stimulated the growth of seedlings. Chitosan with lower Mw gave better results, but it
was not effective against Rhizopus. The combination of chitosan and commercial fungicide
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(tetramethylthiuram disulfide) applied at reduced concentrations resulted in a strong
antifungal protection, improved germination and seedling growth.

Antifungal activity of chitosan was also tested against a soil borne pathogen,
Fusarium solani, causing root rot in fenugreek [44]. The inhibitory effect on a mycelium
growth, dry biomass, sporulation and fungal spore germination increased with the increas-
ing concentration of chitosan (up to 2 g L−1) applied in vitro. The treatment of F. solani
inoculated seeds resulted in significantly reduced infection rate of seedlings and longer
radicle lengths. When tested in pot and field experiments, chitosan application on seeds
reduced severity of root rot disease and increased yield. Moreover, it also resulted in stimu-
lation of plant defense mechanisms because increased activity of chitinase and glucanase
enzymes was observed in chitosan treated fenugreek plants.

A poor germination of pepper seedlings in wet and cold soil became a motivation
to develop a seed treatment for this crop. Chitosan solutions (0.01–0.5%) were used to
soak the pepper seeds and then germination parameters were assessed in two different
temperature conditions. These treatments accelerated germination at 25 ◦C and improved
seedling emergence in the cold test by 29%. Moreover, they increased activity of chitinase
and glucanase in chitosan treated seed/seedlings compared to the untreated ones. Higher
activity of these enzymes may indicate stimulation of plant defense mechanisms which
may provide protection against fungal diseases [45].

Bio-based seed treatments with essential oils and plant extracts are becoming increas-
ingly more popular due to their natural origin, faster degradation, low environmental
impact and higher acceptance of the consumers avoiding chemical fungicides. Chitosan
nanoparticles (NPs) with garlic essential oil were prepared by encapsulation method in or-
der to protect the seeds of wheat, oat and barley. The new seed treatment, combining the two
components, resulted in a strong antifungal activity against Aspergillus versicolor, A. niger
and Fusarium oxyporum, comparable to the effects of standard tebuconazole treatment.
Moreover, the new treatment stimulated also seed germination and seedling development
what is its additional advantage apart from being an environmentally friendly alternative
to chemical fungicides [46].

Attjioui et al. [47] investigated the efficacy of partially acetylated chitosan polymers
and chitosan oligosaccharides (COS), applied alone and in combination, in vitro for their
antifungal effect against the economically important seed-borne pathogen F. graminearum.
The results showed that the antifungal activity of chitosan depends on its Mw. The analyzes
revealed a dose–response relationship of three chitosans with the same DA (10%) and
different Mw. Low Mw polymers were slightly more active than high Mw polymers or
COS. However, synergistic effects of the chitosan polymer and COS were also observed on
the growth of F. graminearum.

The combined treatment of COS and ε-poly-l-lysine had a highly inhibitory effect
(inhibition rate exceeding 90%) on the destructive fungus Botrytis cinerea causing tomato
gray mold [48]. In another study on effects of COS on the same pathogen, high fungal
control efficiencies were detected and explained by that fact that COS induce plant disease
resistance [49].

2.2. Chitosan Treatments Dedicated for Field Application

Chitosan is frequently combined with metal NPs in order to lower their toxicity
(Table 2). Antifungal effects of such combination were explored by Dananjaya et al. [50]
who searched for an environmentally friendly method of controlling F. oxysporum species
complex causing infections of a broad range of plant and animals hosts. They developed
chitosan NPs and chitosan-silver nanocomposites and compared their impact on the growth
of F. oxysporum in vitro. Both solutions caused significant inhibition of fungal growth
(although this effect was significantly stronger for nanocomposite with silver), and ultra-
structural analysis revealed the signs of mycelium damage: higher membrane permeability,
disruption of the mycelium surface and cell disintegration. These findings show that
chitosan-based NPs and nanocomposites can effectively damage the pathogen and can

21



Polymers 2022, 14, 2854

be used in fungal control treatments. In another study, chitosan and its nanocomposites
with either silver NPs, ZnO or CuO were evaluated as potential antifungal agents against
Fusarium oxysporum f. sp. ciceri causing Fusarium wilt on chickpea. The strongest antifungal
effects were recorded for nanocomposites of chitosan with ZnO and CuO in tests performed
in vitro and in vivo; these nanocomposites showed also lower toxicity [51].

The impact of NPs containing copper and chitosan on Curvularia leaf spot disease and
the growth of maize were studied by Choudhary et al. [52]. Cu-CS NPs comprehensively
inhibited in vitro mycelial growth of Curvularia lunata. Plants treated with this formulation
showed lower disease severity compared to the other studied formulations (NPs, bulk
chitosan, CuSO4 and fungicide and water as control). Conclusion drawn from pot and
field experiments was that application of Cu-CS NPs unquestionably controls the disease,
boosts plant growth and yield.

Tomato plants may be attacked by Pythium spp. during early stage of growth, causing
seed rot, pre-emergence damping-off, or stem rot symptoms and by Fusarium oxysporum,
causing the most epidemic vascular wilt and root rot diseases [53]. Elsherbiny et al. [54]
examined antifungal activity of chitosan nanocomposites loaded with antioxidants (vanillin
and cinnamaldehyde). Samples were prepared by intercalation of chitosan into sodium
montmorillonite, polyaniline and incorporation of chitosan/polyaniline/exfoliated mont-
morillonite. The obtained nanocomposites showed strong inhibitory effects on the linear
growth of the target both pathogens even at 50 mg mL−1 concentration.

Saponines are complex glycosidic compounds which belong to plant secondary
metabolites. Fungistatic activities of saponine-rich extracts were demonstrated by Chapa-
gain et al. [55]. In another study, saponin was one of the substances combined in NPs with
chitosan in order to enhance its antifungal properties [56]. Other NPs included chitosan,
saponin, copper or chitosan combined with copper. The prepared NPs were evaluated
for their effect on the growth of three phytopathogenic fungi in vitro. Among the vari-
ous tested formulations, NPs comprising of chitosan and copper were found the most
effective at 0.1% concentration and showed 60–90% growth inhibition of the tested fungi
and a maximum (87.4%) inhibition rate on Alternaria alternata spore germination. Pure
chitosan NPs at the same concentration showed the strongest effect on mycelial growth of
Macrophomina phaseolina. Therefore, chitosan-based NPs with or without copper can used
for plant protection in the future [56].

In another study, chitosan-pectin NPs encapsulated with carbendazim were produced.
The method of ionotropic gelation was used, and the experiment focused on fungicide re-
lease in vitro and bio-efficacy. Characterization of the synthesized NPs showed that the size
of the NPs encapsulated with carbendazim was 70–90 nm, the encapsulation efficiency was
99.2% and the Zeta potential was 50.2 mV. The nanoformulation showed 100% inhibition of
test fungi against Fusarium oxysporum and Aspergillus parasiticus. Carbendazim nanoformu-
lation requires less fungicide and therefore it is a more environmentally friendly method
of controlling phytopathogenic fungi. This nanoformulation showed a greater efficacy at
a lower concentration compared to the top commercial form of the fungicide against the
target species [57].

2.3. Pre- and Post-Harvest Crop Protection Based on Chitosan

Chitosan represents a model plant protection biopolymer which is sustainable for con-
trol of post-harvest decay of fresh fruits and frequently used for this purpose (Table 3). One
of the most important causes of harvested fruit decay is Penicillium expansum responsible for
blue mold. Madanipour et al. [58] assessed the effect of post-harvest chitosan application
in combination with licorice ethanol extract on shelf-life of apple fruits. Chitosan-licorice
edible coating inhibited P. expansum growth and reduced post-harvest decay rate. In gen-
eral, chitosan was more effective when combined with licorice extract. The results of this
research support the idea that coating may be a safe alternative method to prolong shelf-life
and reduce post-harvest losses of apple and maybe other fruits in storage time. In another
study, infections caused by mold fungi were controlled by chitosan combined with essential
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oils (EOS), which are also known for their antifungal activity [59]. The effectiveness of
chitosan-based films integrated with the EOS from Mentha piperita L. or Mentha × villosa
Huds was evaluated in cherry tomato fruits. Main antimicrobial compounds present in
these essential oils are rotundifolone and menthol. They belong to monoterpenes and
have the ability to disorganize the membrane structure, resulting in depolarization and
morphological alterations, interfering with fungal metabolism. The obtained films were
edible and effectively controlled infection caused by fungi such as Penicillium expansum,
Botrytis cinerea, Rhizopus stolonifera and Aspergillus niger.

Postharvest decay of table grapes is causing significant losses of the crop attributed
to pathogenic fungi, such as Botrytis cinerea. In a process of searching for alternative to
sulfur dioxide fumigation of grapes, Shen and Yang [60] developed edible coatings for
these fruit using chitosan in combination with salicylic acid, which is a phytohormone
promoting plant resistance. The coatings made of both ingredients induced the activities of
phenylalanine ammonia lyase, chitinase, β-1, and 3-glucanase, and reduced the decay of
table grapes by inhibiting the growth of B. cinerea. A composite coating formulation con-
taining 1% chitosan-salicylic acid successfully decreased the respiration rate and delayed
changes in weight loss, measurement of total soluble solids, titratable acidity and total
phenolic content and sensory attributes of table grapes during storage. The amino group of
chitosan interacts with the carbonyl group of salicylic acid to form a conjugate molecule [60].
Another eco-friendly plant protection method for the same purpose was developed by
Youssef et al. [61]. They utilized chitosan nanoparticles (CS NPs), silica nanoparticles (SN
NPs) and chitosan-silica nanocomposites (CS-SNs) and tested their impact on B. cinerea
growth inhibition in vitro and in vivo, on two grape cultivars ‘Italia’ and ‘Benitaka’. In vitro
tests showed that compared to control, CS NPs, SN NPs and CS-SNs reduced fungal growth
by 72, 76 and 100%, respectively. After natural infection, at the end of cold storage, ap-
plication of CS-SNs was also the most effective treatment; it reduced the development of
gray mold by 59–83%, depending on cultivar. Since these nanocomposites had no negative
effect on fruit quality, they are a promising alternative to fungicides controlling gray mold
on grapes.

NPs with chitosan were used in another study aiming at protecting bell peppers
from mold fungi. Gonzalez-Saucedo et al. [62] combined them with an extract obtained
from leaves of nanche (Byrsonima crassifolia). Antifungal activity of the obtained NPs was
confirmed in in vitro tests by recording up to 100% growth inhibition of Alternaria alternata.
Edible coatings with these NPs sprayed on bell peppers before harvest reduced infec-
tions and improved storability of the crop; after storage reduced weight loss and better
physicochemical features of peppers were observed.

One of the very complex edible coatings was developed for controlling green mold in
harvested oranges [63]. It consists of chitosan integrated with phenolics-rich pomegranate
peel extract and a biocontrol agent (Wickerhamomyces anomalus). The strongest effectiveness
against Penicillium digitatum was observed in case of coating combining all of the above-
mentioned components what confirmed synergistic effect of their activity.
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3. Alginate

Alginates are naturally occurring polymers showing low toxicity, good biocompatibil-
ity and biodegradability [73]. Excellent gelling and thickening properties as well as low
production cost and good availability make them easy to develop and use. One of the most
important and commonly utilized features of these polysaccharides is the ability to undergo
ionotropic gelation, which is gel formation process occurring upon the contact with divalent
cations. The gelation mechanisms of alginate very often act according to the model, known
as egg-box, where the Ca-binding sites show a mirror symmetric conformation [74].

Alginates are obtained by extracting alginic acid in alkaline solutions from brown algae.
Alginic acid consists of β-D-mannuronic (M) and α-L-guluronic (G) residues linked by a
β-1,4-glycosidic bond. The ratio of the participation of M and G and their distribution in the
chain determines their gelation. For example, alginates derived from Laminaria hyperbore
are characterized by an enrichment of the density of guluronic fragments (G) compared to
alginates derived from Acophyllum nodosum or Laminaria japonica. Alginates have found ap-
plication in many industrial sectors such as biomedical, pharmaceutical, tissue engineering
and agriculture [75,76].

These polysaccharides can be combined with a wide range of substances, such as
phytohormones, amino acids, fatty acids and microelements, and used in agriculture as
organic fertilizers, delivery systems, seed treatments and edible coating films for vegetable
and fruits. For example, alginates with chitosan and other substances were used in soybean
seed coatings [77,78]. Alginate coatings have also been reported to be good oxygen barriers
and to reduce the natural microflora counts [79]. Moreover, they stimulate the growth of
aerial parts and the root system of plants and increase their resistance to pathogens [80].

Alginates were commonly used for encapsulation of microorganisms [81]. Biofertil-
izers, namely Rhizobium (Gram -), and biocontrol agents, such as Pseudomonas (Gram -)
and Trichoderma, have been well established in the field of agricultural practices for many
decades [82]. The use of conventional liquid or solid formulations in agricultural areas
causes many problems, mainly due to the poor viability of the microorganisms during
storage and field application. Encapsulation technology helps to overcome these problems.
This form of immobilization of microorganisms results in extended shelf-life and controlled
release of microorganisms from the preparations, which increases the effectiveness of their
use in the field [73,83].

Alginate oligosaccharides (AOS), which are degradation products of alginate, show
more attractive biological activity due to their low molecular weight [84,85]. AOS exhibit
excellent potential for agricultural applications because they promote plant growth, allevi-
ate growth inhibition under abiotic stress, induce defense responses in plant and extend a
shelf-life of harvested crops [86,87].

3.1. Alginate Seed Treatments

Sodium alginate is often utilized in encapsulation process because of its excellent
features, such as appropriate morphology, fiber size, porosity, degradation and swelling
ratio [88]. This polymer was used to develop an innovative encapsulation system for
delivery of biocontrol bacteria Bacillus subtilis (Vru1). The formulation contained also
bentonite, starch and titanium dioxide NPs [64]. The purpose of encapsulation was to
protect the bacteria from harmful environmental conditions and strengthen their survival
rate so that they could provide an effective control of Rhizoctonia solani infection on bean
plants. Greenhouse tests of different variants of control treatments on fungal inoculated
bean seeds showed that encapsulation enhanced antifungal effects of B. subtilis, because it
led to stronger disease inhibition compared to treatment with free bacteria. The application
of encapsulated B. subtilis has also significantly increased the growth of bean plants. There-
fore, the developed nanocapsules with biocontrol bacteria are a potential alternative for
sustainable agriculture.

Alginate was also used in a new method to control oil palm disease, which was meant
to be an alternative to pesticide treatments [65]. The oil palm trees are frequently damaged
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by the fungal infection (basal stem rot disease) caused by Ganoderma boninense. The selected
three strains of biocontrol bacteria Streptomyces spp. exhibited the strongest degree of
anti-G. boninense activity in vitro. Therefore, the effectiveness of these microorganisms on
suppressing the disease symptoms was tested in vivo on oil palm seedlings using spore
immobilized in alginate beads. Formulation with S. palmae CMU-AB204T strain resulted in
the lowest disease severity and the highest degree of plant vigor. Therefore, this strain can
be used as biocontrol agent protecting palm trees from basal stem rot disease [65].

Xiang et al. [66] developed a new high-performance nanopesticide with a broad-
spectrum antifungal activity. It is comprised of silver NPs synthesized from aldehyde mod-
ified sodium alginate (SA-AgNPs). The synthesized SA-AgNPs showed a strong antifungal
activity against the following pathogens: Colletotrichum lagenarium, Sclerotinia sclerotiorum,
C. gloeosporioides, Fusarium solani, Sphaeropsidales and Rhizoctonia solani. This activity was
associated with the impact of SA-AgNPs on fungal membrane permeability, soluble protein
synthesis, destruction of DNA structure and inhibition of its replication. The new SA-
AgNPs showed no inhibition of seed germination hence their phytotoxicity was excluded.

Essential oils (EOS) obtained from Cymbopogon citratus and Syzygium aromaticum were
used against Gaeumannomyces graminis var. tritici, an aggressive pathogen causing a take-all
disease of wheat. To provide a controlled delivery of the EOS, they were encapsulated into
mesoporous silica NPs and then sodium alginate was used to keep these NPs around the
seeds. Effects of this formulation were compared to the effects of pure EOS both in vitro
and in vivo. Encapsulating of EOS successfully increased their stability in the environ-
ment, allowed their controlled release and reduced fungicidal dose. Results confirmed
compatibility of alginate with natural fungicidal compounds and its positive impact on
effectiveness of the whole formulation [67].

3.2. Alginate Treatments Dedicated for Field Application

Alginates were used in slow-release systems with Bosphorus (formerly nicobiphene)
which is a broad-spectrum fungicide that is safe for plants. It can inhibit the respiration
of fungi by binding to the enzyme succinate dehydrogenase in fungal mitochondria. To
control the fungicide release rate, a slow-release boscalid composition for the treatment
of gray mold was patented. The authors used bentonite, cationic surfactant and sodium
alginate solution for dispersion as agent for controlling cucumber Botrytis [89]. In another
study, agar and alginate beads containing thiram, were produced in order to slow down
the release of active fungicide in vitro and in soil. The amount of active ingredient available
for leaching and volatilization was decreased from the beads and the availability of the
fungicide in the soil was prolonged. The release of thiram decreased with increasing
alginate concentration in the feed from 1% to 2.5% (w/v), which explained the progressive
shrinkage of the alginate spheres, which in turn led to an increase in Ca2+ alginate cross-link
density and a decrease the size of the pores. A slower release of thiram in soil compared
to in vitro conditions what was explained by the occlusion of the ball surface by soil
particles slowing diffusion, and also by dissolved soil water, which can also delay pesticide
displacement [90].

The alginate oligosaccharides (AOS) combined with Meyerozim guilliermondii have
been studied as a possible physiological biocontrol against Penicillium expansum infection
of pears. Blue mold caused by P. expansum was significantly inhibited by the developed
formulation in concentration of 5 g L−1, while it did not affect the growth and reproduction
of M. guilliermondii in vitro or in vivo on pears [91].

3.3. Pre- and Post-Harvest Crop Protection Based on Alginate

Coating films on fruits and vegetables with preservative compounds slow down
ripening and senescence due to formation of a modified atmosphere around the fruits
and vegetables thereby reducing the respiration rate [92]. These coatings are made of
edible material which provides a moisture barrier and prevents solute movement from
the food [93]. They can be made of biodegradable raw material, such as polysaccharides,
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and serve as a primary packaging which is directly in contact with the fruit, wrapping
it to form a gas and moisture barrier, improving the mechanical property, reducing the
microbial load, keeping the sensory properties intact while prolonging the shelf-life [94].
Fruit and vegetable coatings based on alginates can exhibit all these qualities and they may
be combined with diverse active ingredients (Table 3). For example, Xu et al. [95] described
the inclusion of cyclolipopeptides (CL) from Bacillus subtilis in the production of an easily
removable alginate coating for preserving blueberries. The obtained CL-alginate coatings
provided strong antifungal properties and kept blueberries fresh during 20 days of cold
storage. Fungal contamination of the coated fruits was reduced to 2.5 × 103 cfu g−1 and it
was at least 10 times lower compared to uncoated control. Moreover, the coating resulted in
higher firmness, reduced respiratory rate and reduced weight loss in the stored blueberries.

Essential oils (EOS) are hydrophobic concentrated liquids derived from aromatic
plants. They contain a multitude of bioactive compounds such as antimicrobial and
antioxidant, and can be used as preservative for fruits. Therefore, they may be used
to maintain the quality and shelf-life of fresh-cut fruits. Fresh-cut papaya pieces were
treated with alginate based edible coatings containing thyme and oregano EOS, which
constituted the lipid component of the coating. Increasing concentration of essential oil
resulted in extended shelf-life and a higher moisture retention capacity of the samples.
However, the strong smell of essential oils, caused a negative reaction from the sensory
panel. Nevertheless, positive effects of the coatings include reduced weight loss, retarded
pH changes, reduced respiration rate and delayed senescence. The reduced microbial
growth may be due to the incorporation of essential oil as well as due to the modified
atmosphere created by the coating [96]. Similar alginate-based coatings combined with EOS
were shown to extend self-life of fruits and reduce the counts of microorganisms in case of
raspberries, fresh-cut apples and pineapples [97–99] (Table 3). Another study described
the use of an alginate/vanillin combination to improve the quality and safety of table
grapes. The pre-harvest spray and post-harvest fruit coating was applied to three grape
varieties. Alginate treatments effectively prevented weight loss and firmness loss of the
fruit. Moreover, alginate/vanillin coating provided a significant reduction in yeast-mold
growth. In addition, it maintained the nutritional and sensory quality of grapes, preserved
functional properties (such as phenolic content and antioxidant activity) and extended their
shelf-life by diminishing fungal decay [100].

Alginate-based coatings of fruits can be enriched with plant extracts in order to en-
hance their antifungal properties. For example, rhubarb (Rheum rhaponicum L.) extract,
known for its antifungal and antiseptic activity, was combined with sodium alginate
in a coating for peach preservation [101]. Alginate coatings (1% sodium alginate) re-
duced weight loss, firmness loss and respiratory rate and resulted in higher nutritional
value of the stored coated fruits compared to uncoated control fruits. Moreover, a signifi-
cantly lower decay index was recorded for alginate-coated fruit previously inoculated with
Penicillium expansum, which was explained by reduced gas exchange inhibiting growth of
molds which are aerobic. However, all of the above-mentioned positive effects of alginate
coating were significantly enhanced by addition of rhubarb extract, therefore a coating
combining both components was recommended as a treatment prolonging shelf-life of
peach fruits.

The addition of nanomaterials can also enhance the antifungal activity of the alginate
coatings. Jiang et al. [102] reported the efficacy of a composite alginate/nano-Ag coating in
reducing the counts of different groups of microorganisms on coated shiitake mushrooms
after the cold storage for 16 days compared with the uncoated control.

The addition of ZnO nanoparticles in different concentrations to sodium alginate-
coatings resulted in the enhanced shelf-life of cold stored strawberries by preventing the
loss of weight, sensory attributes and the reduction in ascorbic acid, total phenols and
total anthocyanins content. The nano-coating, which was the most effective in reducing
the counts of yeast, molds and aerobic bacteria in cold stored strawberries, comprised
1.5% sodium alginate and ZnO nanoparticles at the concentration of 1.25 g L−1 [103].
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Zhuo et al. [104] demonstrated that AOS treatment improved resistance to post-harvest
decay and quality in kiwifruit (Actinidia deliciosa cv. ‘Bruno’). The results showed that
in vitro AOS did not inhibit the growth of Botrytis cinerea, which is the causal agent of gray
mold in kiwifruit, but they reduced the incidence of gray mold and diameter of lesions of
kiwifruit during storage.

Table 2. Examples of antifungal treatments dedicated for field application and based on carbohydrate
biopolymers (chitosan, alginate or cellulose) or their derivatives.

Form of Application

Chemical Composition of the Seed Treatment
Formulation * Target Pathogen(s)

(Plant Disease)
Effects of the Treatment Ref.

Carbohydrate Polymer
or Its Derivative Other Components

- CS

CS NPs,
CS-Ag NCs,
AgNO3, TPP,

NaOH, Na5P3O10

Fusarium oxysporum
Reduced fungal growth in vitro,

morphological and ultrastructural
changes in of the mycelium

[50]

Soil application CS
CS-Ag

CS-CuO,
CS-ZnO

F. oxysporum
f. sp. Ciceri

(Wilt disease of chickpea)

Nanocomposites of chitosan
combined with CuO or ZnO provided
the most effective protection against
wilt disease and promoted growth of

chickpea plants

[51]

Seed treatment,
foliar application CS CS-Cu NPs

Curvularia lunata,
(Curvularia leaf spot disease

of maize)

Lower disease severity observed in
maize in pot and field experiments,

plant growth stimulation.
[52]

Seedling treatment CS

vanilin,
cinnamaldehyde,

polyaniline,
sodium

montmorillonite

Pythium spp.
Fusarium oxysporum

(root rot, pre-emergence
damping off in
tomato plants)

Strong inhibitory effect on the linear
growth of both target pathogens,
reduced disease incidence under

greenhouse conditions

[54]

- CS
CS-Saponin NPs,

CS-Cu NPs,
TPP

Alternaria alternata,
Macrophomina phaseolina,

Rhizoctonia solani,

Compared to CS-Saponin NPs, CS-Cu
NPs were more effective and caused
fungal growth inhibition in vitro of
89.5%, 63.0% and 60.1% in case of

A. alternate, M. phaseolina and
R. solani, respectively.

[56]

Encapsulation CS CS-pectin NPs,
fungicide: carbendazim

F. oxysporum,
Aspergillus parasiticus

100% inhibition of tested fungi.
Carbendazim nanoformulation

showed greater efficacy at a lower
concentration compared to the top
carbendazim and commercial form

against target species

[57]

Foliar spray CS
CS-Cu NPs,

CuSO4,
fungicide: Bavistin

Curvularia lunata
(Curvularia leaf spot

in maize)

Significant defense response and
control of the disease in maize. [52]

Encapsulation AG
Fungicide: Bosphorus

-(formerly nicobiphene);
bentonite

Botrytis. cinerea
(gray mold on cucumber)

Broad-spectrum fungicide inhibits the
respiration of fungi by binding to the
enzyme succinate dehydrogenase in

fungal mitochondria.

[89]

Encapsulation AG beads Fungicide: thiram various fungi Slower release the active fungicide
in vitro and in the soil. [90]

Spray AOS Meyerozyma
guilliermondii

Penicillium
Expansum

(blue mold on pears)

The results showed that AOS (5 g/L)
combined with M. guilliermondii

significantly reduced blue mold decay
incidence and lesion diameter

in pears.

[91]

Encapsultion EC Fungicide: fluazinam;
gum arabic, emulsifier

B cinerea
(gray mold on cucumber)

In in vitro tests: stronger inhibitory
effect on B. cinerea. In the field

experiment: slower degradation after
spraying plants and no phytotoxic

effects on plants in case of
encapsulated fungicide compared to

fungicide suspension.

[105]

Nano- carriers fatty acid
cellulose ester

Fugicides:
captan,

pyraclostrobin

Neonectria ditissima,
Phaeoacremonium minimum
(Apple Canker and Esca

disease of grapevine)

In in vitro tests: pesticide release in
contact with cellulolytic fungi and

fungal growth inhibition
[106]
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Table 2. Cont.

Form of Application

Chemical Composition of the Seed Treatment
Formulation * Target Pathogen(s)

(Plant Disease)
Effects of the Treatment Ref.

Carbohydrate Polymer
or Its Derivative Other Components

Nano- carriers HPC
Fungicide

(pyraclostrobin);
silica NPs

Magnaporthe oryzae
(rice blast)

Fungicide release induced either by
low pH or cellulase. Prolonged

photostability and reduced
cytotoxicity of the fungicide delivered

in nanocarriers compared to
commercial formulations.

[107]

Micro-spheres Copolymer: CS, CMC EOS: citral
B. cinerea

(gray mold in
solanaceous crops)

Antifungal activity in vitro and
reduced disease incidence in tomato

tested in vivo
[108]

Electrospun
memebrane CA

5-chloro-8-
hydroxyquinolinol,

polyethylene
glycol, acetone

Phaeomoniella chlamydospora,
Phaeoacremonium aleophilum

(Esca on grapevine)

Membranes prevent fungal spore
penetration of plant tissues wounded

by pruning procedure
[109]

* Abbreviations: CS -Chitosan, AG—Alginate, AOS—Alginate oligosaccharides, EOS—Essential oils,
CMC—Carboxymethyl cellulose, HPC—Hydroxypropyl cellulose, CA—Cellulose acetate, NPs—Nanoparticles.

4. Cellulose

Cellulose is the most abundant carbohydrate biopolymer in nature. It is produced
by plants in a photosynthesis process and it plays an important, structural role in these
organisms. Cellulose can be obtained from plant material, such as wood, cotton, flax, water
plants, grasses, agricultural residues and from bacteria belonging to few genera. However,
the main sources of this polymer for commercial production are wood and cotton [110,111].

Cellulose consists of long chains of beta (1-4)-glycosidically linked glucose units. It is
insoluble in water and common organic solvents. Cellulose can be converted into a variety
of derivatives with different functionalities through etherification or esterification [111].
Cellulose ethers commonly used in agriculture include: methyl cellulose (ME), ethyl cellu-
lose (EC), hydroxyethyl cellulose (HEC), hydroxypropyl cellulose (HPC), hydroxypropyl
methylcellulose (HPMC) and carboxymethyl cellulose (CMC). These derivatives are charac-
terized by higher solubility in water and/or organic solvents compared to cellulose. Their
properties allow for using them as thickeners, binders or coating agents in formulations
applied as foliar sprays, seed treatments or edible films on food products.

Among esters, the most important compounds include cellulose acetates (cellulose
acetate—CA; cellulose diacetate—CDA) which are tasteless, nontoxic, relatively stable in
storage, insoluble in water and easily biodegradable [111], which make them suitable for
use in organic agriculture and food production. Moreover, they are suitable substrates for
production of electrospun nanofibers, which can be used in biodegradable membranes and
coatings of plant material for the targeted delivery of agrochemicals [112].

Cellulose derivatives are commonly used in plant protection applications as binders
and carriers of active ingredients and biocontrol agents. However, they can also form
biodegradable membranes and coatings of plant material, which can form a protective
physical barrier from the environment.

4.1. Cellulose Seed Treatments

Seed coating procedure requires using liquid substances which will bind solid materi-
als and active ingredients to the seed surface. These liquids, called binders, are responsible
for integrity and durability of the coating during its application and after drying [113].
Cellulose ethers are relatively frequently used for this purpose. Pedrini et al. [114] reviewed
127 publications on seed coating methods and found that at least one of the five cellulose
ethers (MC, EC, HEC, HPC and CMC) was used in approximately 20% of non-commercial
seed coatings with a known composition.

Polymeric coatings without active ingredients can act as physical barrier preventing
moisture from entering the seeds during storage thereby preventing development of fungi
and deterioration of the seeds. Such seed treatments are particularly important in countries
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where seeds are stored in the conditions of a high temperature and a high moisture, which
are highly detrimental for the stored seeds. Kumar et al. [68] tested effects of various
polymer seed coatings on storability of soybean seeds. Some of the coatings included
in their study consisted of MC, EC or HEC. After six months of storage, coated seeds
showed lower moisture content and higher emergence in the field compared to uncoated
control seeds. Coating with cellulose derivatives resulted also in lower percentage of seeds
infected with storage fungi, such as Alternaria alternata, Aspergillus niger, Curvularia lunata,
Dreschlera halodes, Fusarium moniliformae, Cladosporium spp. and Penicilium spp.

CMC can be used as base for formulations containing microorganisms. For example,
Viji et al. [115] used this cellulose ether in formulations containing biocontrol agent-bacterial
strains of Pseudomonas aeruginosa. Foliar sprays using these formulations effectively reduced
the gray leaf spot disease in perennial ryegrass. In another study, the same polymer was
combined with biocontrol microorganisms in seed treatment formulation protecting wheat
against Fusarium graminearum [69].

CMC is often used in seed coatings containing fungicides. Such coatings consist
usually of several components. Ren et al. [70] optimized the coating formulation for
protection of germinating wheat seeds from soil borne diseases. They tested effects of few
polymers on the emergence and growth of wheat seedlings and concluded that best results
are obtained for CMC combined with polyacrylamide. Therefore, these two polymers
were selected as binders for the seed coating delivering fungicides: difenoconazole and
fludioxonil FSC designed for control of sharp eyespot disease in wheat.

Pesticides delivered in the seed coating protect germinating seeds only for a short time
if they are rapidly released to the environment. Many soil-borne pathogens may threaten
seeds, seedlings and young plants; therefore, a more sustained release of plant protection
agents from the coating would be desirable. A choice of polymer for the coating seems to
be an important decision in this context. Farias et al. [71] chose CDA for developing a new
nanofiber coating for soybean seeds. In contrast to other electrospinnable polymers such as
polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA), CDA is hydrophobic in nature.
Laboratory tests of the new nanofibers with abamectin or fluopyram, showed that only
5.5–25% of the total content of these pesticides was released during 2 weeks of soaking in
the water. Nanofibers spun directly on the soybean seeds had no detrimental effects on
seed germination. Moreover, in vitro tests with fluopyram loaded nanofibers showed also
that the released fungicide cased a significant growth inhibition of Alternaria lineariae.

Recently, Xu et al. [72] used a method of electrospinning two biopolymers (CA and
gelatin) to produce a copper (Cu2+) loaded nanofiber seed coating for protection against
soil borne diseases. They avoided using toxic organic solvents (such as acetone or dimethyl
acetamide), therefore their solution is more environmentally friendly. Interestingly, they
showed that the kinetics of Cu2+ release from nanofibers can be altered by using different
proportions of two biopolymers and adding a surfactant. The effectiveness of new seed
treatments was tested in greenhouse experiments in which coated seeds of lettuce and
tomato were germinated in Fusarium oxysporum infected media. The nanofiber coating
clearly improved germination rate and plant growth under pathogen pressure.

4.2. Cellulose Treatments Dedicated for Field Application

CMC and EC were used as controlled release matrices for delivery of insecticides and
herbicides [116]. However, recent publication of Liu et al. [105] showed that EC micro-
capsules with fungicide can be effectively used as plant protection against Botrytis cinerea
causing gray mold (Table 2). This form of delivery of plant protection agent assures pro-
longed release and slower degradation in the environment. Moreover, encapsulation of the
fungicides reduces the toxic effects on cucumber plants treated in the field.

Encapsulation of fungicides using derivatives of cellulose has one more important
advantage. Many fungal pathogens of plants produce cellulase—an enzyme degrading
cellulose. Therefore, nanocarriers with fungicides made of this polysaccharide will quickly
disintegrate in contact with such fungi and release their cargo where it is the most needed.
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Machado et al. [106] produced such nanocarriers using fatty acid cellulose ester and
fungicides for plant protection against severe trunk diseases of apple trees and grapevine
caused by cellulase producing fungi Neonectria ditissima and Phaeoacremonium minimum.
They showed in laboratory tests that the growth of both pathogens is greatly inhibited
by fungicides provided in nanocarriers. In contrast, in case of fungus which is unable
to produce this enzyme (Cylindrocladium buxicola), the effect on inhibition of the fungal
growth was much smaller, because it depended only on diffusion of the fungicide from
the nanocarriers.

Fungal infection exposes plant cell not only to cell wall degrading enzymes such as
cellulase but also to lower pH. Therefore, Gao et al. [107] constructed nanocarriers using
HPC and hollow mesoporous silica nanoparticles which release fungicide in response to
either of the two stimuli.

Plant protection products comprised of nanocarriers can deliver not only fungi-
cides but also antimicrobial substances of natural origin, such as plant essential oils.
Ma et al. [108] demonstrated that hydrogel microspheres made of chitosan and CMC can
be loaded with citral, which increases bioavailability of this highly volatile and unstable
compound. The obtained microspheres with citral showed antibacterial activity in vitro
and antifungal properties in vivo in tomato plants. They reduced incidence of the disease
caused by Botrytis cinerea.

Another form of plant protection application was developed for grapevine protection
against fungi causing esca, a damaging disease caused mainly by two species of fungi:
Phaeomoniella chlamydospora and Phaeoacremonium aleophilum. In order to prevent fungal
infections of the wounds formed during pruning procedure, Spasova et al. [109] produced
a protective antifungal membranes using electrospinning technology. Membranes build
using CA or CA and polyethylene glycol (PEG) were combined with antifungal agent:
5-chloro-8-hydroxyquinolinol. Laboratory tests of both types of membranes showed a
quicker release of the pesticide from CA/PEG membrane, what was explained by a higher
wettability of this material. Antifungal effect of the obtained membranes was confirmed
in vitro by showing the growth inhibition of P. chlamydospora and P. aleophilum.

4.3. Post-Harvest Crop Protection Based on Cellulose

Cellulose ethers such as MC, CMC, HPC and HPMC are widely produced and used
in edible coatings of various fruits and vegetables. They bind the coating to the surface
of the product, provide moisture and create a barrier for gas exchange [26]. Out of the
above-mentioned ethers, CMC is the most important for industry and commonly used in
food production, also in edible coatings of fruit and vegetables. Antifungal effects of CMC
coatings can be inferred from studies which test effects of coating on decay and quality
of fruits after storage. For example, Kumar et al. [117] coated guava fruit with various
CMC solutions (0–2.0 g L−1). After 12 days of storage at ambient temperature, coating
with CMC at the intermediate concentration (1.5 g L−1) resulted in the lowest percentage
of decayed fruit and best fruit quality compared to other coating treatments. In another
study, Baswal et al. [118] compared effects of several coatings consisting of CMC, chitosan
or beeswax on decay and quality of mandarin fruits after 75 days of cold storage. The best
protection was provided by CMC coating (2.0 g L−1), which retained its integrity during
the whole storage period. It was the most effective in maintaining fruit quality parameters,
while reducing fruit decay and activity of cell wall degrading enzymes.

Next generation of edible coatings consist of polymeric matrix combined with func-
tional and bioactive compounds which enhance the quality of the coated product and
bring additional benefits to the health of the consumers [26]. For example, CMC was
combined with probiotic bacteria Lactobacillus plantarum in edible coating created to extend
a shelf-life of strawberries [119]. The bacteria remained viable on the surface of coated
fruit for 15 days of cold storage and they helped to reduce the growth of yeast and molds
probably due to competitive interaction with these microorganisms. The coating treatments
with higher amounts of L. plantarum (5.76–9.80 × 1013 cfu mL−1) were the most effective
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in reducing fruit decay and the counts yeast and molds compared to uncoated control.
CMC coating without bacteria also resulted in a reduction in fruit decay and the counts of
detrimental microorganisms but its effects were intermediate compared to control and the
above-mentioned L. plantarum coatings.

Antifungal properties of the polysaccharide coatings can be also enhanced by addition
of plant extracts. It was shown in in vitro tests that extract of Impatiens balsamina L. stems
inhibited growth of Penicillium molds responsible for postharvest infections of citrus fruits.
Therefore, Chen et al. [120] added this extract to edible coatings of tangerine fruits based
on CMC. The complex coating that was obtained included also additional substances
which functioned as antioxidant, plasticizer, moisturizer, and antiseptic. Further analyses
involved comparing effects of three treatments including uncoated control, CMC coating
without additional substances and the complex coating described above. After 100 days
of cold storage, the lowest decay rate and weight loss were recorded for fruits treated
with the complex coatings. These measures for fruits coated only with CMC showed
intermediate values. The complex coating resulted in the highest nutritional quality of the
fruits (Table 3). Moreover, antioxidant and defense-related enzymes reached the highest
activities for this treatment.

Tesfay et al. [121] isolated pathogenic three fungi from avocado fruits, namely
Colletotrichum gloeosporioides, Alternaria alternata and Lasiodiplodia theobromae, and showed
in vitro that their growth can be inhibited by extracts obtained from moringa
(Moringa oleifera Lam.) plants or seeds. Therefore, they added these extracts to CMC to
obtain antifungal coatings for avocado fruits. The new coatings improved storability of av-
ocado fruits and their antifungal properties were confirmed in vivo. Inoculation of coated
and uncoated fruits with C. gloeosporioides and A. alternata showed that the coating signifi-
cantly reduced the disease incidence and severity. Therefore, the new coating treatments
are suitable as organic postharvest treatment for avocado fruit.

Edible coatings based on HPMC were used for coating fruit and vegetables, but they
were frequently combined with preservatives classified by EU regulations as food additives
which are generally recognized as safe. Valencia-Chamorro et al. [122] developed such a
coating for cold stored oranges and tested its antifungal properties in fruit which was first
inoculated with P. digitatum or P. italicum and then coated with HPMC in combination with
one or two preservatives and hydrophobic components. After cold storage, the coating had
no negative effect on the fruit quality and its antifungal properties were confirmed. The
most effective coating, containing potassium sorbate and sodium propionate, controlled
development of green and blue mold on the inoculated fruit. A similar coating was
developed for cherry tomatoes by Fagundes et al. [123]; however, this study aimed at
controlling two important pathogens Botrytis cinerea and Alternaria alternata. A range of
in vitro tests allowed to select the most effective preservative to control these fungi. HPMC-
lipid coatings containing the selected preservatives were used in in vivo experiments to
coat pathogen inoculated tomatoes. The coating in this case had also curative properties as
the disease incidence and severity were significantly reduced although these effects were
stronger in case of experiment with A. alternata.
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Table 3. Examples of antifungal coatings of fruits and vegetables based on carbohydrate biopolymers
(chitosan, alginate or cellulose) or their derivatives.

Fruit or Vegetable
Chemical Composition of the Coating *

Fungi Responsible for
Crop Decay Effects of the Coating Ref.Carbohydrate Polymer

or Its Derivative
Other

Components

Apple CS licorice extract Penicillium expansum
CS-licorice coating inhibited P. expansum
growth, reduced postharvest decay rate

and weight loss of apples.
[58]

Cherry tomato CS EOS from
Mentha spp.

P. expansum,
Botrytis cinerea,

Rhizopus stolonifera,
Aspergillus niger

CS-EOS combination strongly inhibited
mycelial growth and spore germination

of target fungi. CS-EOS coatings
reduced decay of inoculated tomato
fruits and preserved quality of the

stored fruit

[59]

Grapes CS
salicylic acid, glacial

acetic acid,
NaOH

B. cinerea

Compared to pure CS coatings, coatings
based on CS-salicylic acid conjugate
were the most effective at promoting
plant resistance, reducing fruit decay

while improving their storability

[60]

Grapes CS NPs Silica
NPs B. cinerea

Compared to both types of NPs,
CS-silica nanocomposites were the most
effective in inhibiting B. cinerea growth

in vitro and in vivo. No negative impact
on fruit quality was observed.

[61]

Bell pepper CS NPs Byrsonima crassifolia
extract Alternaria alternata

CS NPs inhibited A. alternata growth up
to 100% in vitro; when used in edible

coatings in vivo they reduced the counts
of microorganisms, decreased weight
loss and improved quality of peppers

after storage.

[62]

Orange CS

pomegranate
peel extract,

Wickerhamomyces
anomalus

Penicillium digitatum

Coatings combining CS, pomegranate
peel extract and W. anomalus showed the

strongest antifungal effect in vivo
(synergistic effect of the three

components confirmed)

[63]

Blueberry AG Cyclolipopeptides from
Bacillus subtilis Aspergillus niger

Compared to uncoated control, coated
fruit showed >10× lower fungal

contamination, reduced respiratory rate
and weight loss during cold storage

[95]

Papaya AG
Thyme and

oregano EOS,
Cween 80

not specified

Coatings reduced weight loss of
fresh-cut fruit, retarded pH changes,

reduced respiration rate thus
delayed senescence

[96]

Apple AG
EOS: lemongrass,
oregano, vanillin;

apple puree
Listeria innocua

Coatings with EOS inhibited the growth
of L. innocua inoculated on apple pieces
as well as psychrophilic aerobic bacteria,

yeasts and molds

[99]

Pineapple AG
EOS: lemongrass,

glycerol, sunflower oil,
ascorbic acid, citric acid

yeast and molds
Reduced weight loss, respiration rate,
total counts of microorganisms, yeast

and molds during storage
[97]

Raspberry AG EOS: citral and eugenol,
ascorbic acid yeast and molds

Improved storability, nutritional and
sensory quality of fruits, growth

inhibition of molds, yeasts and aerobic
mesophilic microorganisms (compared

to uncoated control)

[98]

Grapes AG vanillin, glycerol B. cinerea

Maintained nutritional quality, sensory
quality and extended the shelf-life of

grapes, reduced growth of yeasts
and molds

[100]

Peach AG rhubarb extract P. expansum

Reduced weight loss, firmness loss,
respiratory rate and higher nutritional
value compared to uncoated control

fruits; reduced decay index recorded for
coated fruit which were previously

inoculated with P. expansum.

[101]

Shiitake mushrooms AG Nano-Ag bacteria, yeasts
and molds

Enhanced shelf-life, higher
physicochemical and sensory quality,
reduced weight loss, lower counts of
different groups of microorganisms.

[102]
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Table 3. Cont.

Fruit or Vegetable
Chemical Composition of the Coating *

Fungi Responsible for
Crop Decay Effects of the Coating Ref.Carbohydrate Polymer

or Its Derivative
Other

Components

Strawberry AG ZnO
NPs not specified

Enhanced shelf-life, reduced loss of
weight, texture quality and the content

of the ascorbic acid, total phenols
and anthocyanins.

[103]

Kiwifruit AOS - B. cinerea

AOS did not inhibit the growth of
B. cinerea in vitro, but reduced the

incidence of gray mold and diameter of
lesions of kiwifruit during storage.

[104]

Guava CMC - not specified

Reduced decay and weight loss of fruits;
higher firmness; better sensory

attributes; higher sugar, ascorbic acid
and phenol contents; higher

titratable acidity

[117]

Mandarin CMC - Penicillium italicum

Best results compared to chitosan and
beeswax coatings: reduced decay and

weight loss of fruits; higher juice content
and firmness of the fruits; lower activity
of cell wall degrading enzymes; higher
titratable acidity; higher ascorbic acid

and carotenoids contents

[118]

Strawberry CMC
probiotic bacteria:

Lactobacillus plantarum,
glycerol

Reduced counts of yeast and molds and
reduced percentage of decayed fruits

after cold storage (better results
compared to control and compared to

pure CMC coating); reduced weight loss,
slower deterioration of ascorbic acid and

phenolic compounds.

[119]

Tangerine CMC

ethanol extract of
Impatiens balsamina L.

stems, citric acid,
sucrose ester, calcium
propionate, glycerol

Penicillium spp.

Improved results compared to pure
CMC coating: lowest decay and weight

loss after cold storage; highest total
soluble solid, titratable acid, total sugar

and ascorbic acid contents; highest
activity of antioxidant and
defence-related enzymes

[120]

Avocado CMC Moringa plant extracts

Colletotrichum
gloeosporioides,

A. alternata,
Lasiodiplodia theobromae

Reduced decay and weight loss of the
stored fruit higher firmness of the fruit;

reduced ethylene production and
respiration rate; confirmed antifungal

effect in fungal inoculation in vivo test.

[121]

Orange HPMC
food preservatives,
shellac, beeswax,

glycerol, stearic acid

P. digitatum,
P. italicum

Lower incidence and severity of the
disease observed on Penicillum sp.

inoculated fruit (compared to inoculated
and uncoated control). The most

effective coating contained potassium
sorbate and sodium propionate. Coating

had no adverse effects on fruit quality.

[122]

Cherry tomato HPMC food preservatives B. cinerea,
A. alternata

Positive effect on the fruit quality and
antifungal properties of coatings

were confirmed.
[123]

* Abbreviations: CS—chitosan, AG—alginate, AOS—alginate oligosaccharides, EOS—essential oils,
CMC—carboxymethyl cellulose, HPMC—hydroxypropyl methylcellulose, NPs—nanoparticles.

5. Advantages and Disadvantages of Carbohydrate Biopolymers Used in Plant Protection

Cellulose, chitosan and alginate are the most common carbohydrates in nature. More-
over, cellulose and chitosan can be obtained from waste material from agriculture, wood
processing or crustacean shells produced by food industry. High availability is probably
the most important advantage of carbohydrates considered in this review. Moreover, since
these polymers are of natural origin, there are a lot of microorganisms in the environment
which are able to decompose them, therefore they are highly biodegradable and suitable
for organic agriculture. In addition, non-toxicity makes these biopolymers safe for the
consumers and non-target organisms in the environment.

During preparation of plant protection formulations carbohydrate biopolymers can be
subjected to a variety of different processes such as chemical modification, electrospinning,
hydrolysis and gelation. Moreover, since they have the ability to interact with many
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hydrophobic and hydrophilic compounds, they are often combined with other ingredients
in composites or complex formulations (Figure 2, Tables 1–3).
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Carbohydrate biopolymers can be used in the process of encapsulation of biocontrol
microorganisms in order to protect them from harmful environmental conditions and
prolong their viability [64,83]. Similar solution can be used for delivering agrochemicals
or volatile active ingredients (essential oils). In this case biopolymers extend activity of
encapsulated compounds and ensure their slow release to the crops, thereby increasing
efficiency of plant protection and reducing environmental impact of the used agrochem-
icals [14,16,108]. Moreover, polysaccharides in a form of hydrogels provide additional
positive effect of increased water retention in the soil therefore they may help to alleviate
effects of drought stress on plants [16]. Another advantage of carbohydrate biopolymers
is that the products of their hydrolysis or enzymatic degradation (oligosaccharides) may
act as elicitors stimulating plant defense mechanisms [19]. Chitosan, alginate and cellulose
derivatives have a film forming capacity. Therefore, they are suitable as coatings for seeds
or harvested fruits, which may reduce fungal growth even if they act as passive barrier [26].

Despite these advantages, carbohydrate biopolymers are not commonly utilized in
plant protection due to a number of reasons. Firstly, they can be easily degraded by
widespread microorganisms which is a disadvantage in the context of a short shelf-life of
plant protection products based on these compounds. In order to maintain the biochemical
properties and bioactivity of the biopolymer-containing product, it should also contain
a preservative reducing a microbial growth. For example, a commercial plant protection
product, Beta-chikol®, based on chitosan lactate, had a chlorhexidine digluconate added
for this purpose (Wiśniewska-Wrona–pers. comm).

Secondly, carbohydrate biopolymers are obtained from various sources which are
naturally quite variable. A source organism, its geographic origin and the time of harvest
affect the content and chemical structure of these polymers [19]. The extraction and purifi-
cation techniques of these polysaccharides are not fully standardized and contribute to the
variability of the end product [124]. As a result, the commercially available carbohydrate
biopolymers have broadly specified physico-chemical characteristics and tests of their bioac-
tivity do not always yield reproducible results ([19], Wiśniewska-Wrona—unpublished
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data). The high level of structural heterogeneity and polydispersity of these polymers make
it difficult to provide a proven information on their efficiency, safety for the consumers
and the environment, which is a huge disadvantage when going through the approval and
commercialization process [125].

Thirdly, purification of carbohydrate polymers from natural raw materials is not very
efficient and can be costly. For example, the traditional method of producing chitosan on
an industrial scale from crustacean shell waste involves few chemical treatments in order
to remove proteins, mineral salts and pigments. Then chitosan is obtained by hydrolysis
of acetamide groups by severe alkaline treatment. The whole process is considered to be
expensive and laborious; it also harmful to the environment as it requires using harsh
chemicals and generates high amounts of wastes [126]. However, due to the growing
demand on this polymer worldwide the global market of chitosan is developing dynami-
cally, therefore alternative sources of this polymer (fungi, insects) and more sustainable
production methods are being explored [127,128].

When comparing the three biopolymers included in the review among each other,
we can point few clear differences in terms of their properties and applications. Chitosan
is frequently treated as antifungal agent because of its proven direct antifungal activity,
although it is also rather expensive compared to the other two polymers. Alginate is
frequently combined with biocontrol bacteria and fungi, because due to its hydrophilic
nature this polymer increases survival of these microorganisms. Cellulose is valued as
the cheapest and commonly available resource. Although it cannot be used without
modification because of its low solubility in water and lack of functional groups, therefore
esters and ethers of this polymer are usually used.

6. Future Perspectives and Challenges

As we outlined in the introduction, the widespread use of chemical fungicides had a
negative impact on environment, non-target organisms and human health. The growing
concerns about these issues have led to the implementation of regulations restricting the
use of these agrochemicals. For example, the current “Farm to Fork Strategy” aims at a
significant reduction in pesticides use by 2030. Apart from regulatory framework, the
consumers’ demand on healthier agricultural products provided a motivation to develop
organic agriculture and stimulated development of plant protection products based on
natural alternatives to chemical pesticides. As we showed in this review, carbohydrate
biopolymers such as chitosan, alginate, cellulose or their derivatives, are suitable for this
purpose because of their above-mentioned advantages including nontoxicity, biocom-
patibility and biodegradability. A lot of recently published studies showed that these
compounds are versatile resources for producing plant protection formulations effective
against pathogenic fungi because they can act as antifungal compounds, effective elicitors,
carriers or matrices for controlled release of active ingredients. The growing interest in
reducing the use of chemical pesticide may provide a motivation to improve and standard-
ize production methods of carbohydrate biopolymers and to overcome commercialization
barriers for the plant protection products containing these compounds.

Antifungal activity of the formulations based on carbohydrate biopolymers is usually
lower or comparable to standard fungicidal treatments [46,51]. However, it can be enhanced
by developing complex, more effective formulations which combine these biopolymers
with other antifungal agents (Figure 2). Rapid development of nanotechnology opened
possibilities of creating new promising forms of plant protection products based on nanopar-
ticles, nano-/micro-carriers and electrospun nanofibers. However, there is a recognized
need to evaluate these solutions for their safety and toxicity before they are introduced for
use in agriculture [16].

The three carbohydrate biopolymers were successfully used to develop natural plant
protection methods for various stages of plant production. As we showed in numerous
examples, each of the three biopolymers can be used in treatments dedicated for seed
sowing material, field applications and protection of harvested fruits and vegetables.
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Abstract: To increase the human lifespan, healthcare monitoring devices that diagnose diseases and
check body conditions have attracted considerable interest. Commercial AgCl-based wet electrodes
with the advantages of high conductivity and strong adaptability to human skin are considered the
most frequently used electrode material for healthcare monitoring. However, commercial AgCl-
based wet electrodes, when exposed for a long period, cause an evaporation of organic solvents,
which could reduce the signal-to-noise ratio of biosignals and stimulate human skin. In this con-
text, we demonstrate a dry electrode for a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)-based blended polymer electrode using a combination of PEDOT:PSS, waterborne
polyurethane (WPU) and ethylene glycol (EG) that could be reused for a long period of time to
detect electrocardiography (ECG) and electromyography (EMG). Both ECG and EMG are reliably
detected by the wireless real-time monitoring system. In particular, the proposed dry electrode detects
biosignals without deterioration for over 2 weeks. Additionally, a double layer of a polyimide (PI)
substrate and fluorinated polymer CYTOP induces the strong waterproof characteristics of external
liquids for the proposed dry electrodes, having a low surface energy of 14.49 mN/m. In addition, the
proposed electrode has excellent degradability in water; it dissolves in hot water at 60 ◦C.

Keywords: electrocardiography; electromyography; PEDOT:PSS; degradability; polymer electrode

1. Introduction

To ensure the world’s aging population has the right to individual life, neurological
diseases, cardiovascular diseases, etc. are becoming notable social issues. As a result, many
studies have been carried out to develop high-performance electrocardiograph (ECG) and
electromyograph (EMG) sensors that can efficiently obtain biosignals from the surface of
the human body. Especially, a non-invasive biopotential electrode is well known for its
key contribution as a component of a biopotential acquisition system from a human being
due to its fast measurement setup on the surface of the human body without leaving a
scar. Robust and reliable biosignal acquisition is strongly dependent on the characteristic
of biopotential electrodes, such as adhesion, wet-degradability, conductivity and micro-
/macroscopic morphology.

So far, much work on the development of biopotential electrodes has been carried
out in terms of material properties and mechanical flexibility to record biosignals. Com-
mercially, wet-type electrodes (typically, Ag/AgCl) have been widely utilized because of
their high conductivity and conformability to human skin [1–3]. However, electrolytes
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of the wet-type electrodes are diffused into the subcutaneous area of the human body,
and organic solvents of the wet-type electrodes evaporated over a long period of time.
Thus, this would cause skin irritation and significant decays of the signal-to-noise ratio
of biosignals, respectively. Instead, the fabrication of dry-type electrodes was intensively
investigated using a thin metal [4–7], a carbon nanotube (CNT) [8–11], polymer–metal
particle composites [12], graphene [13–17] and conductive polymers, such as poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [18–20].

Major technological issues in the fabrication of biopotential electrodes are mechan-
ical robustness and reliability for long-term biosignal recording. A previously reported
study fabricated organogel-based strain-insensitive conductors using PEDOT:PSS, polyacry-
lamide (AAm) and ethylene glycol (EG) [18]. Excessive ions and impurities in PEDOT:PSS
were eliminated via dialysis. In addition, EG, which has a high boiling point (197 ◦C),
scarcely evaporated at room temperature, so organogel-based PEDOT:PSS maintained the
compositional ratio over a long time. Biocompatible PEDOT:PSS electrode was fabricated
by blending a waterborne polyurethane (WPU) and D-sorbitol, which is a food additive
used in various fields such as cosmetic lotions, creams, toothpastes and food additives [20].
The fabricated dry-type PEDOT:PSS electrodes exhibited excellent electrical conductiv-
ity, strong adhesion properties and long-term stability. Complex microstructured and
macropillar-shaped biopotential electrodes have been reported by a research group of ETH
Zurich, which exhibited low electrical impedance [21]. The complex microstructured elec-
trodes and macropillar-shaped electrodes were fabricated using multiple photolithography
and a stencil printing technique, respectively. However, the fabrication of the biopotential
electrodes involved multiple steps of the lithographic process and could suffer from the
reduction in the fabrication process yield. From these points of view, human-friendly
and environmentally friendly biopotential electrodes are highly required, with simple yet
robust film formation using conductive polymers.

PEDOT:PSS, a representative high-conductivity polymer, is a polymer mixture com-
posed of conductive PEDOT and insulating PSS. PEDOT:PSS has attracted attention over
the decades due to high transmittance in the visible light region and solution processability.
PEDOT:PSS can be applied to various electronic devices and display fields, such as wear-
able devices, transparent electrodes and solar cells [22–24]. Recently, research has been
reported to improve the conductivity, thermoelectric characteristics and mechanical flexibil-
ity of PEDOT:PSS. Ionic liquids such as butyl-3-methylimidazolium, tetrafluoroborate and
2-methylimidazolium hydrogen sulfate improve the conductivity of PEDOT:PSS [25,26]. In
addition, deep eutectic solvents (DES), which are biocompatible, and biodegradable sol-
vents increased the thermoelectric and sensing characteristics of PEDOT:PSS [27,28]. Lastly,
the addition of elastomer to PEDOT:PSS leads to high mechanical characteristics [29]. The
PEDOT:PSS composite, with improved conductivity, sensing and mechanical characteristics,
is a strong potential candidate for use as an electrophysiological epidermal electrode.

In this light, we present waterproof dry-type PEDOT:PSS (WPD) electrodes covered
with a commercially available fluorinated polymer (CYTOP), WPU and polyethylenimine
(PEI) on a polyimide (PI) substrate to measure human electrocardiography (ECG) and
electromyography (EMG). Due to the doubled cover of CYTOP on the electrode structure,
a powerful waterproof characteristic was realized on the ECG and EMG electrodes. The
waterproof dry electrode sensed biosignals without deterioration over 2 weeks. More-
over, the material constituting the dry electrode had an excellent eco-friendly degradable
characteristic to minimize the production of electronic waste. Our proposed PEDOT:PSS-
based dry electrode demonstrated a stable ECG and EMG signal recording wirelessly with
real-time monitoring.

2. Materials and Methods

The PI substrate that acted as a framework to form the proposed electrode was cut to
a certain size (2 cm × 2 cm). The standardized PI substrate was sonicated in acetone and
isopropyl alcohol (IPA) for 10 min sequentially and then dried with nitrogen gas (99.99%).
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After all the residue was removed in an oven at 95 ◦C for 5 min, the CYTOP solution was
diluted 1:5 by CYTOP solvent (CT-SOLV180) and stirred for 6 h. The CYTOP solution with
0.5 mL was coated on the standardized PI substrate at 3000 rpm for 30 s and then annealed
with a hotplate at 100 ◦C for 20 min, and 150 ◦C for 1 h sequentially in order to remove
the CYTOP solvent. A total of 0.5 mL of the PEI solution (Sigma-Aldrich, St Louis, MO,
USA) was coated at 3000 rpm for 30 s in the opposite layer of the PI substrate, in which the
CYTOP was not coated to form an adhesion layer for selective molding and firm fixation
of the PWE solution. The PWE solution was prepared by mixing a PEDOT:PSS solution
(Heraeus, Hanau, Germany), WPU (Sigma-Aldrich, St Louis, MO, USA) and ethylene glycol
(Sigma-Aldrich, St Louis, MO, USA) overnight (mixing ratio, 6:1:2). The WPU solution was
prepared by stirring overnight at a ratio of 10:1, using deionized water as a solvent. The
prepared PWE solution was drop-cast on the coated PEI layer and then, a 110 ◦C annealing
process was performed in an oven. The drop-casting process of the PWE solution and
annealing process using the oven was repeated 4 times (total of 2500 mL: 500 mL, 500 mL,
750 mL, 750 mL).

To investigate the chemical structure and the change in the energy level of WPD
electrodes, the X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spec-
troscopy (UPS, AXIS Supra, Kratos, Manchester, UK) measurements were performed and
using a monochromatic Al Kα (hv = 1486.6 eV) source. The morphological properties of the
WPD electrodes were characterized by scanning electron microscopy (SEM, S-4700, Hitachi,
Tokyo, Japan) and atomic force microscopy (AFM, Park NX10, Park systems, Suwon, South
Korea). The image size of AFM was 10 µm × 10 µm, and the resolution was 0.05 nm.
The surface energy was investigated by contact angle measurements (DSA100, KRUSS,
Hamburg, Germany) and calculated with KRUSS advanced software.

3. Results and Discussion

Figure 1 shows the fabrication process of the proposed waterproof dry electrode
and the chemical structures of the materials. The proposed electrode which detects the
human biopotential signals such as ECG and EMG was composed of three polymers:
PEDOT:PSS [30,31], WPU [32,33] and EG [34]. PEDOT:PSS is a polymer with high conduc-
tivity and was used as the main active material of the proposed electrode. In addition,
PEDOT:PSS, which has high transmittance in visible light regions and solution process-
ability, has attracted attention in fields such as wearable devices, transparent electrodes
and solar cells. However, PEDOT:PSS film is not suitable for reliable contact with mov-
ing human skin due to its relatively low physical durability and flexibility. The added
WPU provides elasticity and flexibility characteristics to PEDOT:PSS films to minimize
the damage to the electrode due to the movement of the human body. In addition, EG
provides additional conductivity to the PEDOT:PSS films, allowing the WPD electrode to
reliably detect ECG and EMG biopotential signals. The PEI plays the role of the adhesive
layer between the blended polymer electrode solution and the PI substrate. Moreover, the
hydrophobic CYTOP layer coated on the PI substrate protects the WPD electrode from
external liquids. The PI substrate acts as the framework for the WPD electrode and leaves
an additional waterproof effect. A detailed description of the fabrication process of the
waterproof dry electrode is presented in the Section 2.

The position of the WPD electrodes attached to the human body for detecting the
ECG and EMG biopotential signals and the shape of the waveform are shown in the
3D illustration (Figure 2a,b). There were two-electrode and three-electrode systems for
detecting ECG and EMG biopotential signals, respectively. The two-electrode system was
composed of positive and negative electrodes, whereas the three-electrode system added a
reference electrode to set the biopotential standard. It is noted that a blue-wired electrode
indicates positive and negative electrodes, while a yellow electrode indicates a reference
electrode. Figure 2c and d show the front side and back side photography of the fabricated
WPD electrode, respectively. In addition, the WPD electrode with flexible and elastic
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characteristics by the PI substrate is shown (Figure 2e). Figure 2f shows the WPD electrode
was attached to real human skin using a medical sticker to detect the biopotential signals.
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Figure 1. The 3D illustration of the waterproof dry-type PEDOT:PSS (WPD) electrode fabrication
process and chemical structure of constituent materials.

Figure 2g is a block diagram of a real-time monitoring system to obtain ECG and EMG
biopotential signals. The system was divided into two sub-systems: the sensor node and
the host node. In the sensor node, there was a 180 kΩ resistor placed between the WPD
electrode and the amplifier to ensure that the current flow never exceeded 10 µA. The analog
amplifier and filter block conditioned the biosignal acquired from the WPD electrode with
a voltage gain of 60 dB (AD8232, Analog Devices). An instrumentation amplifier initially
amplified the signal from the WPD electrodes and attenuated common-mode signals. An
active filter conditioned the signal with a second-order high-pass and a low-pass active
filter to eliminate unnecessary motion artifacts and high-frequency noise. The active filter
was designed with a passband from 0.34 Hz to 41 Hz and 40.17 Hz to 727 Hz for ECG and
EMG, respectively. A right leg drive circuit was used to further improve the common-mode
rejection. To eliminate powerline noise caused by general consumer electronics, a Twin-T
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notch filter block was implemented. The biosignals were then sampled at 12 bits with a
sampling rate of 7 kSps using the Analog-to-Digital Converter (ADC) embedded in the
Bluetooth low-energy system-on-chips (BLE SoC, nRF52832, Nordic Semiconductor). The
sampled data were collected in a buffer and transmitted from a burst mode to the host node
every 24 ms. This sensor node sub-system was manufactured in a printed circuit board
(PCB) with a size of 13 mm x 30 mm. The wirelessly transmitted data were received by the
host node, which could either be a smartphone or a personal computer, where the data
were displayed in real time by a custom-made software application.
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Figure 2. The ECG and EMG biopotential signal detecting system, and the wireless real-time mon-
itoring system. The 3D illustration of 2-electrode systems and 3-electrode systems for detecting
human ECG and EMG biopotential signals. Blue electrode: positive and negative electrodes, yellow
electrode: reference electrode. (a) The position of WPD electrodes attached to a human chest to detect
the ECG biopotential signals; (b) the position of WPD electrodes attached to a human right leg to
detect the EMG biopotential signals; the photography of the fabricated WPD electrodes; (c) the front
side of the WPD electrodes; (d) the back side of the WPD electrodes; (e) the flexibility of the WPD
electrodes; (f) the WPD electrodes attached to a real human body; (g) the block diagram of a real-time
monitoring system.

SEM measurement was used for the analysis of WPD electrodes (Figure 3a). SEM
images of the WPD electrode layer without PEI and the WPD electrode layer were captured.
The wrinkles were observed on the surfaces of both dry electrodes fabricated using the
drop-casting process. AFM measurement was conducted to analyze the surface properties
of the proposed WPD electrode layer with or without the PEI layer and, additionally,
the presence or absence of CYTOP on the PI substrate was confirmed (Figure 3b). The
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roughness of the PI substrate and the PI substrate on CYTOP was 6.96 nm and 7.13 nm,
respectively. In addition, the roughness of the WPD electrode layer without PEI was 7.45
nm, whereas it increased to 15.44 nm when the PEI layer was added. The surface was
not smooth, due to the two types of WPD electrodes produced via drop-casting. Lastly,
the presence of the PEI layer increased the contact surface area with human skin with
additional roughness, allowing for stable ECG and EMG biopotential signal detection [35].
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Figure 3. The morphological analysis of the WPD electrodes. The SEM surface image of (a) the WPD
electrode layer without PEI and WPD electrode layer; the AFM surface image of (b) the PI substrate,
CYTOP coated PI substrate, WPD electrode layer without PEI and WPD electrode layer.

XPS was performed to shed light on the chemical structure of the WPD electrodes.
Figure 4a shows the S 2p spectra of PEDOT:PSS and WPD electrodes. The PEDOT chain
peak occurred in the range of binding energy of 162 to 166 eV and the PSS chain peak
occurred in the range of binding energy of 166 to 172 eV (Figure 4b) [36,37]. The PEDOT
chain peak intensity of WPD increased more than PEDOT:PSS, which indicated an improve-
ment in conductivity [38]. Sheet resistance measurement was performed to investigate the
conductivity of PEDOT:PSS and WPD electrodes (Supplementary Figure S1). The measured
sheet resistance of PEDOT:PSS and WPD electrodes was equal to 10.67 Ω and 1.158 Ω,
respectively. The sheet resistance of the WPD electrode was improved by EG. The EG
enhanced the conductivity of PEDOT:PSS by removing the insulating PSS chains from
PEDOT:PSS. Figure 4b shows the UPS spectra of the WPD electrode with the optimized
composition ratio. The valence band maximum (VBM) and the cut-off of the WPD electrode
were plotted as 17.21 eV and 3.25 eV, respectively. As a result, the WPD electrode had a
work function of 3.99 eV, which was reduced by 0.85 eV, compared to the work function
of the pure PEDOT:PSS of 4.84 eV (Supplementary Figure S2). The optical bandgaps of
PEDOT:PSS and WPD electrodes were calculated using the Tauc plot method (Supplemen-
tary Figure S3). The optical bandgaps of the WPD electrode and the PEDOT:PSS electrode
were 5.13 eV and 5.12 eV, respectively. The 0.01 eV energy bandgap change between the
PEDOT:PSS electrode and the WPD electrode was negligible. When WPU and EG were
added to PEDOT:PSS to fabricate WPD electrodes, the Fermi level increased by 0.85 eV,
while the energy band was maintained unchanged.
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Figure 4. (a) The XPS analysis of the PEDOT:PSS and the WPD electrode; (b) the UPS analysis of the
optimized WPD electrode.

The contact angle analysis was performed for the hydrophobic characteristics of a
CYTOP-coated PI substrate and the investigation of the surface energy with the WPD
electrode layer. The deionized water (DI water) and formamide were used to measure
the contact angle and surface energy (Figure 5a,b). Figure 5c shows the histogram graph
of the contact angle with deionized water and formamide. When CYTOP was coated on
the PI substrate, the contact angle increased from 87.35◦ to 109.09◦ in DI water and also
increased from 45.73◦ to 93.16◦ in formamide. Additionally, the contact angle characteristics
of the WPD electrode without the PEI layer and the WPD electrode were analyzed. The
contact angle between the WPD electrode without the PEI layer and the WPD electrode
by DI water changed from 46.86◦ to 45.22◦, and the difference of 1.64 degrees was negli-
gible. On the other hand, the contact angle at formamide changed from 24.37◦ to 37.47◦,
and the difference was 13.1◦. Additionally, the surface energy of four types of samples
(PI substrate, CYTOP-coated PI substrate, WPD electrode without PEI layer and WPD
electrode) was analyzed. The surface energy of the PI substrate and the CYTOP-coated
PI substrate was 58.22 mN/m and 14.49 mN/m, respectively. On the other hand, the
surface energy of the WPD electrode without the PEI layer and the WPD electrode was
58.53 mN/m and 52.96 mN/m, respectively. As a result, the PI substrate that prevented
the physical penetration of external liquids and the CYTOP with strong hydrophobicity
prevented the decomposition of the WPD electrode by liquid. [39,40]. To demonstrate the
eco-friendly disposal of the proposed WPD electrodes, a degradability test was performed.
Figure 5e shows photography of the WPD electrode immersed in DI water at 60 ◦C. The
WPD electrode that was ultrasonicated had totally degraded, leaving tiny fragments after
140 min. This shows that PEDOT, WPU and EG composing the WPD electrode all have the
characteristics of being degradable by water, and that degradability proceeds easily with
external stimuli.

Additionally, degradability tests of the WPD electrodes immersed in cold water were
performed (Supplementary Figure S4). The WPD electrodes immersed in cold water (22 ◦C)
were degradable in 600 min, with the exception of small fragments. The degradable rate of
WPD electrodes in cold water was about 460 min slower than in hot water. The observed
result indicates that hot water at 60 ◦C activates the chemical reaction of the WPD electrode,
causing it to degrade quicker [41].
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Figure 5. The analysis of contact angle. (a) The image of contact angle with deionized water; (b) the
image of contact angle with formamide; (c) the histogram graph of contact angle with deionized water
and formamide; (d) the graph of surface energy; (e) photography of degraded the WPD electrode
over time.

The ECG and EMG biopotential signals were confirmed using the proposed WPD
electrode. The ECG and EMG biopotential signals were received from the chest and left
leg, respectively. Additionally, the medical sticker was used to immobilize the electrodes
with human skin. We compared it with a commercial AgCl-based electrode to prove the
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superiority of the WPD electrode in the detection of ECG and EMG biopotential signals. The
ECG and EMG biopotential signals were measured using both the three-electrode system
and the two-electrode system (Figure 6a–d). The ECG biopotential signal measured with
the WPD electrodes clearly defined the peaks of the PQRST. The ECG could be identified
by the repetitive P wave, QRS complex and T wave. The P wave and QRS complex were
generated by atrial depolarization and ventricular depolarization, respectively. In addition,
the T wave was caused by the repolarization of the ventricles. [42] Additionally, the EMG
biopotential signals, which represent the movement of human muscle, were defined and
gathered using the miniaturized monitoring system. In addition, we also plotted the PQRST
peak of the ECG waveform measured with the WPD electrodes, compared to a commercial
AgCl-based electrode used to investigate the ability to discriminate the waveform of the
ECG measured (Figure 6e,f). In the three-electrode system, the change in the PQRST
biopotential signal of ECG detected with WPD electrodes averaged 16 mV. In addition,
the biopotential of the T peak, detected with the two-electrode system using the WPD
electrode, was measured to be more than 130 mV higher than the commercial AgCl-based
electrode, which proves that the ECG biopotential signals are measured more clearly with
the WPD electrode. Figure 6f,g show the quantified EMG biopotential signals that plotted
the five waveforms. The EMG biopotential signal change in the three-electrode system was
measured to 10 mV, whereas the two-electrode system was measured to 6 mV. As a result,
the WPD electrode and the commercial AgCl-based electrode show similar capabilities for
detecting ECG and EMG biopotential signals. Note that the voltage readings were based
on the amplification and filtering process of the sensor node.

Polymers 2022, 14, x FOR PEER REVIEW 10 of 13 
 

 

 
Figure 6. The biopotential signals of ECG and EMG with the WPD electrodes and commercial AgCl-
based electrodes. (a) The ECG biopotential signals in 3-electrode system; (b) the ECG biopotential 
signals in 2-electrode system; (c) the EMG biopotential signals in 3-electrode system; (d) the EMG 
biopotential signals in 2-electrode system; (e) the PQRST peak in 3-electrode system; (f) the PQRST 
peak in 2-electrode system; (g) the quantified EMG biopotential signals in 3-electrode system; (h) 
The quantified EMG biopotential signals in 2-electrode system. 

Next, we investigated the proposed electrode’s robustness by reusing the same WPD 
electrode for 2 weeks. The ECG and EMG biopotential signal measurements were per-
formed utilizing reused WPD electrodes at 1-week intervals (Figure 7a,b). The ECG and 
EMG biopotential signals were clearly detected by the reused WPD electrodes. As a result, 
the WPD electrode showed superior performance in detecting ECG and EMG biosignals 
over two weeks. We also plotted the PQRST peaks of the ECG biopotential signal detected 
with the reused WPD electrodes at 1-week intervals (Figure 7c,d). The ECG biopotential 
detected by the two-electrode system presented a 101 mV insignificant difference biopo-
tential at the R peak. On the other hand, in the ECG biopotential signals measured with 
the three-electrode system, the peak intensity differed by an average of 402 mV. The plot-
ted EMG biopotential signal intensity decreased as the number of reuses of the WPD elec-
trode increased (Figure 7e,f). The EMG averaged biopotential signals measured with the 
two-electrode system and the three-electrode system had a difference of 44 mv and 47 mv, 
respectively. Again, the biopotential readings were obtained from the sensor node de-
scribed in Figure 2. 

Figure 6. The biopotential signals of ECG and EMG with the WPD electrodes and commercial AgCl-
based electrodes. (a) The ECG biopotential signals in 3-electrode system; (b) the ECG biopotential
signals in 2-electrode system; (c) the EMG biopotential signals in 3-electrode system; (d) the EMG
biopotential signals in 2-electrode system; (e) the PQRST peak in 3-electrode system; (f) the PQRST
peak in 2-electrode system; (g) the quantified EMG biopotential signals in 3-electrode system; (h) The
quantified EMG biopotential signals in 2-electrode system.
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Next, we investigated the proposed electrode’s robustness by reusing the same WPD
electrode for 2 weeks. The ECG and EMG biopotential signal measurements were per-
formed utilizing reused WPD electrodes at 1-week intervals (Figure 7a,b). The ECG and
EMG biopotential signals were clearly detected by the reused WPD electrodes. As a result,
the WPD electrode showed superior performance in detecting ECG and EMG biosignals
over two weeks. We also plotted the PQRST peaks of the ECG biopotential signal detected
with the reused WPD electrodes at 1-week intervals (Figure 7c,d). The ECG biopoten-
tial detected by the two-electrode system presented a 101 mV insignificant difference
biopotential at the R peak. On the other hand, in the ECG biopotential signals measured
with the three-electrode system, the peak intensity differed by an average of 402 mV. The
plotted EMG biopotential signal intensity decreased as the number of reuses of the WPD
electrode increased (Figure 7e,f). The EMG averaged biopotential signals measured with
the two-electrode system and the three-electrode system had a difference of 44 mv and
47 mv, respectively. Again, the biopotential readings were obtained from the sensor node
described in Figure 2.

Polymers 2022, 14, x FOR PEER REVIEW 11 of 13 
 

 

Figure 7. The robustness of the WPD electrodes. (a) Repeatability tests for 2 weeks with the WPD 
electrode for ECG biopotential signals; (b) repeatability tests for 2 weeks with the WPD electrode 
for EMG biopotential signals; the biopotential signal detected for 2 weeks at intervals of 1 week; (c) 
the PQRST peak in 3-electrode system; (d) the PQRST peak in 2-electrode system; (e) the quantified 
EMG biopotential signals in 3-electrode system; (f) the quantified EMG biopotential signals in 2-
electrode system. 

4. Conclusions 
In summary, we presented waterproof dry-type PEDOT:PSS (WPD) ECG and EMG 

electrodes protected from external liquid using a double layer of a polyimide (PI) sub-
strate and fluorinated polymer CYTOP. The morphological characteristics and chemical 
composition ratios of WPD electrodes were investigated through XPS, UPS, SEM and 
AFM analysis. Additionally, the waterproofing effect of the PI substrate and CYTOP layer 
was verified using the contact angle analysis. The WPU and EG improved the flexibility 
and additional conductivity characteristics in the proposed WPD electrodes, respectively. 
The WPD electrode clearly detected ECG and EMG biopotential signals using the two-
electrode system and the three-electrode system. In addition, the WPD electrode and the 
commercial AgCl-based wet electrodes showed similar performances in detecting ECG 
and EMG biopotential signals. The proposed WPD electrode verified the robustness of the 
electrode by detecting ECG and EMG biopotential signals for 2 weeks. Our study can be 
applied to dry biopotential electrodes research regarding the reliable detection of biosig-
nals in an external humid atmosphere. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Supplementary Figure S1: Sheet resistance of PEDOT:PSS electrode and the 
proposed WPD electrode. Supplementary Figure S2: The UPS analysis of the PEDOT:PSS. Supple-
mentary Figure S3: Optical bandgap of the PEDOT:PSS electrode and the proposed WPD electrode 
shown in the Tauc plot method. Supplementary Figure S4: Photography of WPD electrode degrada-
ble performance over time immersed in cold water. 

 

Figure 7. The robustness of the WPD electrodes. (a) Repeatability tests for 2 weeks with the WPD
electrode for ECG biopotential signals; (b) repeatability tests for 2 weeks with the WPD electrode
for EMG biopotential signals; the biopotential signal detected for 2 weeks at intervals of 1 week; (c)
the PQRST peak in 3-electrode system; (d) the PQRST peak in 2-electrode system; (e) the quantified
EMG biopotential signals in 3-electrode system; (f) the quantified EMG biopotential signals in
2-electrode system.

4. Conclusions

In summary, we presented waterproof dry-type PEDOT:PSS (WPD) ECG and EMG
electrodes protected from external liquid using a double layer of a polyimide (PI) substrate
and fluorinated polymer CYTOP. The morphological characteristics and chemical com-
position ratios of WPD electrodes were investigated through XPS, UPS, SEM and AFM
analysis. Additionally, the waterproofing effect of the PI substrate and CYTOP layer was
verified using the contact angle analysis. The WPU and EG improved the flexibility and
additional conductivity characteristics in the proposed WPD electrodes, respectively. The
WPD electrode clearly detected ECG and EMG biopotential signals using the two-electrode
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system and the three-electrode system. In addition, the WPD electrode and the commer-
cial AgCl-based wet electrodes showed similar performances in detecting ECG and EMG
biopotential signals. The proposed WPD electrode verified the robustness of the electrode
by detecting ECG and EMG biopotential signals for 2 weeks. Our study can be applied
to dry biopotential electrodes research regarding the reliable detection of biosignals in an
external humid atmosphere.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings11030274/s1, Supplementary Figure S1: Sheet resistance of
PEDOT:PSS electrode and the proposed WPD electrode. Supplementary Figure S2: The UPS analysis
of the PEDOT:PSS. Supplementary Figure S3: Optical bandgap of the PEDOT:PSS electrode and the
proposed WPD electrode shown in the Tauc plot method. Supplementary Figure S4: Photography of
WPD electrode degradable performance over time immersed in cold water.
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Wrześniewska-Tosik, K.; Mik, T.;

Wesołowska, E.; Kowalewski, T.;
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Abstract: Geotextiles are used for separation, drainage, filtration and anti-erosion protection sealing,
as well as to improve plant vegetation conditions. The research objective of this study was to verify
the influence of the addition of poultry feathers on accelerating the biodegradation of nonwovens in
cultivated soil. The tests were carried out in laboratory conditions and were based on the assessment
of weight loss. The experiments confirmed the positive effects of the presence of waste that was rich
in keratin on the time required for the biodegradation of the tested materials (the period of biodegra-
dation was 8–24 weeks). Additionally, the influence of the biodegradation of the tested materials
on the ecotoxicity was investigated and showed no negative effects on the microbiological activity
(106 cfu). The research also included the determination of the carbon to nitrogen ratio of the test
medium (blank, 12–14:1; with feather addition, 19–20:1). A statistical analysis revealed a correlation
between the mechanical properties and the period of biological decomposition. This research was an
important step for the management of poultry feather waste in agricultural applications. The tested
materials could be seen an alternative that meets all ecological criteria, which seems to be a golden
solution that not only allows the delivery of important nutrients to the soil, but also manages waste
in an environmentally safe manner.

Keywords: biodegradation; keratin; feather; poultry waste; nonwovens

1. Introduction

According to the Organisation for Economic Cooperation and Development (OECD),
“biodegradation” is the process of the decomposition of organic substances by microor-
ganisms into simpler substances, such as carbon dioxide, water and ammonia [1,2]. The
microorganisms require energy and oxygen, carbon, phosphorous, sulphur, nitrogen, cal-
cium, magnesium and other elements to grow and reproduce. Organic substances are
oxidised into carbon dioxide and water through an exothermic process and the obtained
energy is partially used by the microorganisms and the rest is lost as heat. The process
can be especially observed in composting. Biodegradation can be conducted both under
aerobic and anaerobic conditions [3]. Bacteria, fungi, insects, worms and many more or-
ganisms participate in the breakdown of various materials. Biodegradation is essential for
nature and the whole ecosystem because it provides the opportunity to decrease waste and
produce nutrients that are crucial for the growth of new life [4,5]. Recently, biodegradability
has become a requirement for materials that are used in everyday life and is one of the
essential features for evaluating their sustainability [4].

A wide range of tests can be applied to examine the biodegradability of a product.
The choice of method refers to the type and properties of each sample. The biodegradation
process is conducted mainly in water, soil and compost environments [6]. The estimation of
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biodegradability is mainly based on a calculation of weight loss or by an evaluation of the
production of CO2. Each method has its own advantages and disadvantages. Estimation
on the basis of released CO2 only relates to the measured and calculated theoretical carbon
content of the sample. In the method that is based on the weight loss calculation, there is
the risk of losing microscopic parts of the sample. Nevertheless, in our opinion, the second
method provides a more complete picture of the degradation process and the behaviour of
the sample over time (influence on the structure, surface, disintegration ability, etc.).

Chemical fibres are manufactured for various purposes, including textiles and agricul-
ture. The worldwide production of fibres is growing every year. The literature reports that
the global production output of chemical fibre (organic and synthetic) industry has reached
80.9 million metric tons [7]. Synthetic polymers are the most commonly used materials to
produce manmade fibres. Due to the fact that they are not biodegradable, their application
needs to be limited and products should be reused to a limited extent. The resistance
of these materials to biological breakdown is crucial because of environmental pollution.
Their build-up in the environment results in the release of toxic pollutants, which then
influence living organisms within the soil and water [4].

The importance of fibre-reinforced composites in the manufacture of a wide range
of industrial products is still increasing. Special interest is focused on the replacement
(full or partial) of synthetic polymers with biopolymers, including keratin. This polymer
can be obtained from sheep wool, poultry feathers, horn, nails and many other sources.
Its chemical properties allow for the use of keratin as a thermoset material, which can
be linked to other polymers [8–11]. Biodegradability, biocompatibility and fire-retardant
capability are among the valuable properties of keratin [8].

It should be highlighted that according to the regulations of the European Parlia-
ment [12], the promotion of harmonious and sustainable economic growth should be
carried out with respect for the natural environment. The modern approach to environ-
mental protection enforces the creation and implementation of new technologies, especially
those that contribute to the elimination of pollution at the source.

In a leading company on the Polish market, the amount of waste in the form of feathers
is 6 tons per day, which is processed into industrial flour. The European Union (EU) has
banned its use in fodder, which has caused a problem with the legitimacy of processing
feathers that are a by-product of slaughter into industrial meal.

The processing of keratin-rich feathers allows us to obtain diverse thermoplastic bio-
composites and translates into improvements in economic returns for the poultry industry.
The composition of feather keratin is based on small protein molecules (molecular weights
of 10–30 kDa). Extensive internal bonding results in thermal and mechanical stability [13].
Undeniably, its low cost and natural abundance makes feather keratin a valuable material
for the production of biodegradable polymers for various applications [8].

The literature has reported the incorporation of feather keratin in various synthetic
polymers, such as polypropylene (PP) and polyethylene (PE) [14,15]. Cheng et al. [16]
investigated the possibility of incorporating feather fibres into polylactic acid (PLA). Other
researchers combined feathers with polyurethane [11,17].

The biodegradation of fibres starts with changes in their structures or compositions.
Chemical changes can be examined by the application of Fourier transform infrared
spectroscopy (FTIR) or infrared spectroscopy. Degradation can be also estimated by vi-
sual observations and microscopy [4,18]. According to the European Standard EN 14995
Plastics—Evaluation of Compostability—Test scheme and specifications (2009) [19], the
biodegradation process of a sample cannot exceed 24 weeks. The progress of decomposi-
tion is estimated and calculated on the basis of weight loss. While the biodegradability of
various textiles is a desirable feature, sometimes the final product design requires sufficient
resistance to degradation in order to provide long-term use [4]. Yet, the safety of use should
be examined.

Poultry feathers are a by-product of animal origin, which are obtained during poultry
slaughter. There are about 33 plants and 100 slaughterhouses operating within the poultry
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industry in Poland, of which Cedrob S.A. is Poland’s largest. Cedrob S.A. belongs to the
Cedrob Group, which also includes Gobarto S.A. (the leading pig meat producer) and
Cedrob Passau GmbH (the Cedrob Group’s representative on the German market).

The further processing of feathers into poultry meal is realised by Utilisation Plants,
which was used as a protein additive for industrial feeds until 2004. After the introduction
of the Regulation of the European Parliament and Council (EC) No. 999/2001, the ban on
its use in livestock nutrition has caused a problem with the reasonableness of processing of
feathers, among other materials, from slaughter into industrial meal. The only other uses
of such meal are possibly as organic fertiliser for field fertilisation or as an addition to incin-
eration in industrial boiler rooms. Both applications have no economic or environmental
justification and can cause environmental and health hazards.

In response to the need to manage feather waste, the Team of Keratin Composites
from the Łukasiewicz Research Network, Institute of Biopolymers and Chemical Fibres,
aimed to develop innovative feather-based nonwovens that are characterised by additional
functionalities and advantages, which are derived from the use of feather keratin, such
as tailor-made biodegradation that is adjusted to the crop duration, the input of organic
nitrogen into the soil, zero waste at their end of life and cost-competitive materials. The
nonwovens that are obtained by the needle punching method consist of wool and feather-
based keratin fibres and can be used for agricultural applications. This method has now
been patented (P.430284 (19 June 2019) “Method for producing fluffy composite nonwoven
fabric”). In this context, the main objective of this study was to create a concept for a waste
management method for the by-products of animal production that is desirable from the
point of view of economics and social effects through the exploitation of underutilised
waste, in order to obtain added value raw materials for the agricultural sector, such as
feather-based nonwovens. The technology of the designed solution assumes that the share
of waste material in the form of feathers is at a level of about 50%.

There are many reasons why developed nonwovens are suitable for agricultural use:

• They are safe for the environment and human health by ensuring a reduction in
biomass waste, in the form of feathers, that is deposited and pollutes the environment;

• The developed innovative nonwovens are made of biodegradable raw materials of
natural origin;

• We have the ability to control the time of microbial decomposition by adjusting the
share of feather fractions in the nonwovens;

• They have high efficiency with low financial outlay (i.e., the market price of the
developed products is much lower than that of fossil-based products due to the fact
that they are made from waste materials);

• Nonwovens that are made from natural waste resources can be used soil improvement
agents because they contain significant amounts of fertilising ingredients within their
structure, which can then be used to meet the nutritional needs of crops.

The paper presents the results of the biodegradation of keratin-based nonwoven
fabrics in a soil environment and the influence of their mechanical properties on the process.
The influence of the composition (feather amount) on the susceptibility of the material to
biodegradation was examined and a statistical analysis was performed.

2. Materials and Methods

This study was carried out on two groups of protective nonwovens with the addition
of keratin fibres in the form of feathers from a poultry slaughterhouse (i.e., Cedrob S.A.,
Ciechanów, Poland, which is Poland’s largest poultry producer).

The technology of the designed solution assumed the share of waste material, in
the form of feathers, in the nonwovens to be at the level of about 50%. The percentage
content of feathers in the nonwovens was estimated on the basis of a weight study: the
difference in weight of the nonwoven containing the feathers and that of the reference
nonwoven (without feathers). The first group was composed of Trevira bico “type 256” and
the second was of Trevira bico “type 453”. Additionally, the reference samples, without
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feathers, were examined and were marked as “0”. The nonwovens were designed and
intended to cover the grassy-bean mixture on difficult terrains (new dumps, heaps, railway
embankments, ski slopes, etc.), on which obtaining a good sodding is very difficult. Table 1
presents the compositions of the samples that were tested. Table 2 presents selected
mechanical properties of the materials. The SEM photo-documentation can be found in the
Supplementary Material (Table S1).

Table 1. The compositions of the tested nonwovens.

Group Nonwoven
Feather Amount

(%)
Wool Amount

(%)
Trevira Bico

Amount (%) Type

I

Nonwoven I
0 90 10

256

38.5 55 6

Nonwoven II
0 90 10

34.8 58 7

Nonwoven III
0 90 10

44.4 50 6

II

DA I/1
30.0 63 7

453

0 90 10

DA I/1 and 2
32.0 61 7

0 90 10

DA I/2
40 54 6
0 90 10

DA II/2
40.0 54 6

0 90 10

Table 2. The mechanical properties of the tested materials (± SD).

Group Nonwoven Feather

Base Weight
(g/m2)

Thickness
(mm)

Tensile
Strength in

the Horizontal
Direction (N)

Tensile
Strength in
the Vertical

Direction (N)

Tear
Resistance in

the Horizontal
Direction (N)

Tear
Resistance in
the Vertical

Direction (N)

EN
29073-1:1994

EN ISO
9073-2:2002

EN
29073-3:1994

EN
29073-3:1994

EN ISO
9073-4:2002

EN ISO
9073-4:2002

I

Wool I + 78.2 ± 2.3 1.33 ± 0.06 1.11 ± 0.22 2.02 ± 0.43 1.80 ± 0.08 1.22 ± 0.04
- 48.1 ± 4.5 1.13 ± 0.05 1.18 ± 0.60 2.68 ± 0.57 2.26 ± 0.30 1.45 ± 0.36

Wool II + 158.0 ± 7 2.04 ± 0.08 3.91 ± 1.07 10.20 ± 2.60 5.18 ± 0.39 4.94 ± 0.31
- 103.0 ± 10.0 1.75 ± 0.08 4.89 ± 1.84 7.22 ± 1.09 5.89 ± 0.91 3.21 ± 0.35

Wool III + 284.0 ± 8.0 2.83 ± 0.18 31.9 ± 12.1 27.20 ± 2.20 31.2 ± 6.3 15.4 ± 2.2
- 158.0 ± 12.0 2.11 ± 0.07 14.90 ± 2.40 40.00 ± 5.1 18.90 ± 3.20 23.50 ± 6.1

II

DA I/1 + 103.0 ± 6 1.62 ± 0.12 0.36 ± 0.11 0.70 ± 0.15 1.06 ± 0.56 0.52 ± 0.46
- 86.0 ± 4.00 1.76 ± 0.13 0.58 ± 0.05 1.14 ± 0.27 1.43 ± 0.51 0.65 ± 0.12

DA I/1 and 2 + 116.0 ± 13.0 1.70 ± 0.14 0.44 ± 0.05 0.92 ± 0.16 1.17 ± 0.36 0.38 ± 0.20
- 70.9 ± 3.80 1.56 ± 0.12 0.56 ± 0.10 1.01 ± 0.21 1.02 ± 0.30 0.64 ± 0.57

DA I/2 + 101.0 ± 14.0 1.75 ± 0.15 0.34 ± 0.07 1.44 ± 1.29 1.38 ± 0.04 0.43 ± 0.12
- 86.0 ± 4.00 1.76 ± 0.13 0.58 ± 0.05 1.14 ± 0.27 1.43 ± 0.51 0.65 ± 0.12

DA II/2 + 144 ± 0.16 2.14 ± 0.13 0.69 ± 0.14 1.70 ± 0.46 1.94 ± 0.32 0.85 ± 0.34
- 90.8 ± 5.00 1.93 ± 0.15 0.72 ± 0.12 2.42 ± 0.51 2.74 ± 0.68 0.67 ± 0.14

The biodegradation tests were carried out at the laboratory scale. For the experiments,
samples taken from nonwovens that were produced at a quarter-technical scale were used.
Each 5 × 5 cm sample was tested in triplicate under the conditions of repeatability and
reproducibility. For each final result, the components of the uncertainty of the measurement
were determined. The method used has been validated. Cotton (100%) was used as
reference material. According to the available standards, biodegradable materials should
achieve 90% decomposition within a maximum period of 24 weeks.

The biodegradability tests were conducted in soil under the controlled conditions
of temperature (30 ± 2 ◦C) and humidity (60–75%). The start of each test was preceded
by an examination of the microbiological activity of the medium (soil) in order to ensure
appropriate conditions (≥106 cfu). The samples were placed in research reactors that
were filled with the test soil and then stored in a heat chamber, which enabled the control
and maintenance of the set environmental parameters (temperature and humidity). The
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incubation process was carried out at a constant temperature for a maximum period of
24 weeks with the daily humidity control of the test medium. Within the designated
periods, the progress of the biodegradation process in aerobic conditions was controlled.
Photo-documentation was also obtained. Additionally, ecotoxicity tests were conducted
and showed the influence of the decomposition of the developed nonwovens on the
microbiological activity of the microorganisms inhabiting the soil. This research was
carried out in accordance with the accredited research procedure of the “Assessment of
the influence of natural and synthetic materials on soil microflora”, which was developed
on the basis of the relevant international standards (EN ISO 7218:2008; EN ISO 11133; EN
ISO 11133:2014-07/A1; EN ISO 4833-1:2013-12; EN ISO 19036:2020-04).

The mechanical properties were also tested according to the relevant international
standards (PN-EN ISO 9073-2:2002; PN-EN 29073-1:1994; PN-EN 29073-3:1994; PN-EN
ISO 9073-4:2002).

Due to the complexity and heterogeneity of the research materials, it was not possible
to describe the reaction stoichiometry in detail. Nevertheless, the research included the
determination of the carbon to nitrogen ratio within the test medium during the biodegra-
dation process. The aim was to control the C:N ratio and verify that it was not negatively
influenced by the sample decomposition.

The data were then statistically evaluated using a statistical analysis package (StatSoft,
Poland STATISTICA, version 9.0.). The Shapiro–Wilk test was used to check for the normal
distribution of the results. When the results were non-parametric, the Mann–Whitney U
test was used to determine any differences between the results in both groups. The level of
statistical significance was defined as p < 0.05. A correlation analysis was also performed.

3. Results

The mechanical properties of the studied materials were tested. Table 2 presents the
obtained results.

The biodegradation degree (mass loss) was calculated for the tested groups of nonwo-
vens. The level of mass loss varied considerably between these groups. After 24 weeks, the
level of biodegradation in Group I reached an average of 89.6% ± 2.67, while in the Group
II, all samples reached 100% within 8–24 weeks. Table 3 presents the photo-documentation
of the progress of the process for selected samples. The application of the Shapiro–Wilk
test showed that the hypothesis regarding the data being normally distributed could be
rejected (p < 0.05). The differences between the levels of mass loss of the two groups were
found after performing a Mann–Whitney U test. Considering a difference in the p-value
of < 0.05 to be statistically significant, the compositions of the nonwovens had an influence
on their biodegradability.

Table 3. The photo-documentation of the biodegradation process (Sample DA II/2).
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Table 3. Cont.
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Figure 1. The biodegradation times of the samples, with and without the addition of feathers, for the
samples in Group II.

In order to present the differences between the selected features of the tested samples
in Group II, an ANOVA test was performed (Table 4).

Table 4. The results obtained by the ANOVA test for the samples in Group II.

Feather

No Yes

Week of Biodegradation

Mean 14 9
SD * 6.93 2.00
Min. 8 8
Max. 24 12

Median 12 8
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Table 4. Cont.

Feather

No Yes

Tensile Strength in the Horizontal Direction

Mean 0.61 0.46
SD * 0.07 0.16
Min. 0.56 0.34
Max. 0.72 0.69

Median 0.58 0.40

Tensile Strength in the Vertical Direction

Mean 1.42 1.19
SD * 0.66 0.46
Min. 1.01 0.70
Max. 2.42 1.70

Median 1.14 1.18

Tear Resistance in the Horizontal Direction

Mean 1.65 1.39
SD * 0.75 0.39
Min. 1.02 1.06
Max. 2.74 1.94

Median 1.43 1.28

Tear Resistance in the Vertical Direction

Mean 0.65 0.54
SD * 0.01 0.21
Min. 0.64 0.38
Max. 0.67 0.85

Median 0.65 0.47
SD *, standard deviation.

A correlation analysis was also performed in order to present the interdependencies
between the selected properties of the materials. Correlations between the mechanical
properties and the degree of the mass loss/time of biodegradation were checked (p < 0.05)
and the obtained results are presented in Table 5.

Table 5. The relationships between the metrological parameters and the biodegradability/biodegradation
times of samples in Groups I and II (correlation matrix; correlation coefficient).

Group Feather
Addition Thickness

Tensile Strength
in the Horizontal

Direction

Tensile Strength
in the Vertical

Direction

Tear Resistance
in the Horizontal

Direction

Tear Resistance
in the Vertical

Direction

Biodegradability
(%) I 0.24 −0.16 0.12 −0.10 0.19 −0.05

Weeks of
Biodegradation II −0.62 0.54 0.74 0.87 0.94 0.45

bold: values for which the hypothesis (H0; value of the coefficient in the correlation is 0) can be rejected.

In order to illustrate the relationships between the examined features, a cluster analysis
was performed for the samples in Group II (Figure 2). The test organised items (features)
into groups, or clusters, on the basis of how closely associated they were.

The determination of the carbon to nitrogen ratio in the test medium was determined
during the biodegradation process. The obtained results showed differences between the
blank sample of soil and the samples of soil during/after the decomposition of samples.
While the C:N ratio for the blank sample of soil was constant throughout the trial (12–14:1),
the ratios were higher for the media in which the samples were buried (19–20:1), especially
during the first weeks of the trial.

The main aim of the ecotoxicity tests was to investigate the influence of the nonwovens,
with and without feathers addition, on the microbiological activity of the tested substrate
(soil). The conducted tests showed no toxic effects on the microorganisms. This testing was
very important due to the essential role of microorganisms in the biodegradation process.
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4. Discussion

The literature reports that chicken feathers have unique properties. The barb is a
protein fibre that has high flexibility, low density and a good spinning length. The rachis has
low rigidity and low density. These features make chicken feather barbs a good composite
for manufacturing textile products, either on their own or in structural interactions with
other fibres [20].

Natural fibres are divided into three main groups, based on their origin: plant (cellu-
lose) fibres, animal (protein) fibres and mineral fibres. Their compositions (cellulose/protein
content) influence their mechanical properties and the biodegradation process [21–23]. The
main medium for the decomposition of polymer waste is soil, which is characterised by
varied biodiversity [24]. The time required for the biodegradation of bioplastics depends
on the substrate properties [22].

Recently, interest in geotextiles within environmental engineering has been increasing.
Both synthetic and biodegradable materials are used. Separation, drainage, filtration, anti-
erosion protection sealing and improvements in plant vegetation conditions are among
their most important functions. Biopolymers and natural fibres could replace synthetic
materials in up to 50% of applications [22]. This is very promising, especially as synthetic
fibres are usually not subject to biological degradation. It should be highlighted that due
to the growth in consumer and industrial demand for environmentally friendly products,
the use of raw materials that are obtained from natural sources has increased significantly.
The replacement of synthetic materials, such as PP and polyester, with natural biopolymers
(e.g., poly(lactic)acid) is essential because of the amount of waste that is produced due to
consumption. According to the US Environmental Protection Agency, 14.3 million tons
of textiles were discarded in 2012. It should be pointed out that only 15.7% of this waste
was recovered [25]. Recently, geotextiles that are made from synthetic fibres have been
considered more critically. A great emphasis is now placed on the application of natural
fibres, or biofibres, from renewable sources [26]. Chicken feather-based geotextile materials
seem to be a promising solution within agriculture due to the properties of keratin. The
feather fibre can preserve soil, increase moisture content and decrease the compaction of
soil [26,27].

The study described in this paper showed the great potential of nonwovens that are
made with the addition of feathers, especially in that they are biodegradable. The use
of feather waste in the production of nonwovens as agricultural products could be the
perfect solution for the management of hazardous waste while simultaneously enriching
the natural environment. The literature reports [28] that chicken feather fibres can be used
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as a cheap raw material for nonwoven production. Yet, due to poor length, they need to be
combined with other material during the production process.

The main purpose of the biodegradation tests was to demonstrate the impact of the
material on the environment. Due to the huge problems with the management of post-
consumer waste, the ability to biodegrade is a desirable feature for materials. The process
also provides nutrients that are crucial for the growth of new life.

The literature reports that the rate of biodegradability of various materials depends on
the nature of the polymer and the structure of the fibres [29]. Our obtained results showed
no influence of the presence of feather addition on the biodegradation process in Group
I (correlation coefficient = 0.24). Different results were obtained for Group II (correlation
coefficient = −0.46; p < 0.05). Here, it could be seen that in most cases, the addition of
feathers shortened the degradation time of the nonwoven fabrics. It could be assumed that
the chemical compounds that are present in feathers (mainly keratin) had a positive effect
on the activity of the soil microorganisms, thereby accelerating the biodegradation time of
the whole sample.

It should be highlighted that animal remains that are rich in α-keratin are relatively
quickly biodegraded by keratinolytic microorganisms, which use native keratin as a source
of C, N, S and energy. The mechanisms of degradation are not fully known [27,29–31].
One of the initial theories was presented by Raubitschek [32], but this was discarded
after the discovery of keratinase [33,34]. Other theories pointed to, inter alia, enzymatic
keratin digestion by keratinolytic enzymes and the sulphuric amino acid metabolism of
microorganisms as the basis of decomposition [35–37].

A wide range of bacteria, actinomycetes and filamentous fungi have been characterised
as keratinolytic microorganisms. Special attention should be paid to bacteria belonging to
the genus Bacillus, such as B. subtilis, B. pumilus, B cereus, B. coagulans, B. licheniformis or
B. megatherium [28,35]. The type of microorganism is not the only factor that is essential
for the degradation of materials. Their activity and the properties of the material itself
(ecotoxic effects) are also extremely important. The conducted ecotoxicity tests showed no
negative influence of the decomposition of the materials on microbial activity and allowed
us to establish the ecological characteristics of the tested materials.

Tesfaye et al. [20], on the basis of mechanical properties, assumed that feathers could
be applied in geotextiles and road construction applications, as well as the textile industry,
energy industry (as insulation materials) and packaging industry. Agriculture application
is of special interest because of the water-holding capacity of the feather fibres, which could
improve the moisture content of soil. According to scientific reports, feather composting
is a safe, sanitary and cost-effective technology that could allow us to obtain products
(compost) that could then be used as fertilisers. Their decomposition in soil environments
results in an increase in carbon (C), nitrate nitrogen (N-NO3) and sulphur sulphate (S-SO4)
concentrations, which are easily absorbed by plants [5,36–38]. Our study was in accordance
with the literature data (C:N ratio).

The mechanical properties of materials influence the times of biodegradation. It could
be concluded that higher values of tensile strength and tear resistance reflected the ability
of microorganisms to resist the decomposition of the nonwoven fabrics. Simultaneously, it
should be pointed out that higher amounts of feather addition shortened the biodegradation
times. The nonwovens are supposed to protect seeds, prevent soil from washing off, limit
the impact of rainfall on soil aggregates and inhibit rainwater runoff. The tensile strength
of the nonwovens could be a deciding factor in its long-term durability and service life.
Hence, good tensile strength is a necessary parameter for them. The base weights of the
nonwovens are also important. A heavier material would press the seeds into the soil,
cover them and improve conditions for seedling germination and development.

The cluster analysis showed that there was a strong linkage between the mechanical
properties. This group of features was associated with the number of weeks of biodegrada-
tion. In turn, this cluster was connected to the feather amount.
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Jin et al. [39] tested nonwoven fabrics (PE/PP) with the addition of duck feather
fibres. Their study revealed the good mechanical properties and sorption capacity of the
bicomponent, indicating its potential application as a material for textile dyeing effluent
treatment. Soekoco et al. [40] applied chicken feather waste to the production of nonwoven
insulator material. The obtained material, which was based on PP, showed higher tensile
strength values than commercial insulator material.

There is little evidence in the literature regarding the biodegradability of nonwovens
with the addition of feather waste. Mrajji et al. [41] investigated the effects of nonwoven
structures on the mechanical, thermal and biodegradability properties of feather-based
nonwoven materials that were reinforced by polyester composites. The obtained results
showed that the introduction of feather waste into the matrix slightly reduced the degrada-
tion process time. This confirmed that the type of polymer and the structure of the fibre
have a great influence on the rate of biodegradation.

Interest in the implementation of feather waste in the production of nonwovens is still
increasing. Casadesús et al. [42] proposed a method for the management of feather waste
in the production of sound-absorbing nonwoven materials. The authors investigated the
environmental impacts of the solution using life cycle analysis (LCA) methodology and the
utility aspect. The obtained results showed that higher amounts of feathers lowered the en-
vironmental impacts while simultaneously satisfying acoustic properties. Vilchez et al. [33]
proposed a simple and straightforward method to produce nonwovens with feather addi-
tions and (nano)cellulose fibres. The fabricated materials had good mechanical properties
and seemed to meet the ecological criteria. The literature [28,42,43] reports that the use of
feathers in nonwoven fabrics could find applications for erosion control purposes, especially
in areas that have been denuded of vegetation and soil stabilisation is desired.

The developed nonwovens that could be used for agricultural applications are char-
acterised by new functionalities, such as biodegradability that can be adjusted ad hoc to
the type and duration of the crop and soil enrichment from the inflow of organic nitrogen.
Nonwovens that only contain ingredients of natural origin are a valuable source of nutrients
for plants. The flow of organic nitrogen into the soil comes from the biodegradation of
the feathers.

5. Conclusions

The tested materials in both groups differed significantly. The positive effects of
feather addition on the time of the biodegradation of the nonwovens in Group II were
shown. Moreover, a correlation between the selected mechanical properties and the time
of biodegradation was noticed. It could be concluded that the addition of feather waste
affects the mechanical properties of the materials. The addition of feathers makes the
product more susceptible to the action of microorganisms, releases C and N into the soil,
shortens the biodegradation time and allows for waste management. The presented results
of biodegradation and ecotoxicity confirmed the legitimacy of implementing this type of
technology on a large scale. The biodegradable nonwovens that were tested and described
in this paper seem to meet all criteria for eco-friendly agricultural products and have great
potential for commercial use

6. Patents

P.430284. (19 June 2019) “Sposób wytwarzania puszystej włókniny kompozytowej”.
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Properties of Renewable Polyol Based Polyurethane Foams Reinforced with Chicken Feathers. Polymers 2019, 11, 2002. [CrossRef]
[PubMed]

18. Călin, M.; Constantinescu-Aruxandei, M.D.; Alexandrescu, E.; Răut, I.; Doni, M.B.; Arsene, M.-L.; Oancea, F.; Jecu, L.; Lazăr, V.
Degradation of keratin substrates by keratinolytic fungi. Electron. J. Biotechnol. 2017, 28, 101–112. [CrossRef]

19. European Standard EN 14995; Plastics—Evaluation of Compostability—Test Scheme and Specifications. CEN: Brussels,
Belgium, 2009.

20. Tesfaye, T.; Sithole, B.; Ramjugernath, D.; Chunilall, V. Valorisation of chicken feathers: Characterisation of physical properties
and morphological structure. J. Clean. Prod. 2017, 149, 349–365. [CrossRef]

69



Polymers 2022, 14, 2370

21. Kakonke, G.; Tesfaye, T.; Sithole, B.; Ntunka, M. Production and characterization of cotton-chicken feather fibres blended
absorbent fabrics. J. Clean. Prod. 2020, 243, 118508. [CrossRef]

22. Marczak, D.; Lejcuś, K.; Misiewicz, J. Characteristics of biodegradable textiles used in environmental engineering: A comprehen-
sive review. J. Clean. Prod. 2020, 268, 122129. [CrossRef]

23. Faruk, O.; Bledzki, A.K.; Fink, H.-P.; Sain, M. Biocomposites reinforced with natural fibers: 2000–2010. Prog. Polym. Sci. 2012, 37,
1552–1596. [CrossRef]

24. Emadian, S.M.; Onay, T.T.; Demirel, B. Biodegradation of bioplastics in natural environments. Waste Manag. 2017, 59, 526–536.
[CrossRef]

25. Nam, S.; Slopek, R.; Wolf, D.; Warnock, M.; Condon, B.D.; Sawhney, P.; Gbur, E.; Reynolds, M.; Allen, C. Comparison of
biodegradation of low-weight hydroentangled raw cotton nonwoven fabric and that of commonly used disposable nonwoven
fabrics in aerobic Captina silt loam soil. Text. Res. J. 2015, 86, 155–166. [CrossRef]

26. Kumar, N.; Das, D. Nonwoven geotextiles from nettle and poly(lactic acid) fibers for slope stabilization using bioengineering
approach. Geotext. Geomembr. 2018, 46, 206–213. [CrossRef]

27. Montes-Zarazúa, E.; Colín-Cruz, A.; Pérez-Rea, M.d.L.L.; de Icaza, M.; Velasco-Santos, C.; Martínez-Hernández, A.L. Effect of
Keratin Structures from Chicken Feathers on Expansive Soil Remediation. Adv. Mater. Sci. Eng. 2015, 2015, 1–10. [CrossRef]

28. George, B.R.; Bockarie, A.; McBride, H. Utilization of Turkey Feather Fibers in Nonwoven Erosion Control Fabrics. Nonwoven Ind.
2003, 45–52. [CrossRef]

29. Korniłłowicz-Kowalska, T.; Bohacz, J. Biodegradation of keratin waste: Theory and practical aspects. Waste Manag. 2011, 31,
1689–1701. [CrossRef] [PubMed]

30. Kunert, J. Thiosulphate esters in keratin attacked by dermatophytes in vitro. Sabouraudia 1972, 10, 6–13. [CrossRef] [PubMed]
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Abstract: The melt–mixing of polylactide (PLA) with micro- and/or nanofillers is a key method
used to obtain specific end-use characteristics and improvements of properties. So-called “insoluble”
CaSO4 (CS) β-anhydrite II (AII) is a mineral filler recently considered for the industry of polymer
composites. First, the study proves that AII made from natural gypsum by a specifically thermal
treatment is highly stable compared to other CS forms. Then, PLAs of different isomer purity and
molecular weights (for injection molding (IM) and extrusion), have been used to produce “green”
composites filled with 20–40 wt.% AII. The composites show good thermal and mechanical properties,
accounting for the excellent filler dispersion and stability. The stiffness of composites increases with
the amount of filler, whereas their tensile strength is found to be dependent on PLA molecular
weights. Interestingly, the impact resistance is improved by adding 20% AII into all investigated
PLAs. Due to advanced kinetics of crystallization ascribed to the effects of AII and use of a PLA
grade of high L-lactic acid isomer purity, the composites show after IM an impressive degree of
crystallinity (DC), i.e., as high as 50%, while their Vicat softening temperature is remarkably increased
to 160 ◦C, which are thermal properties of great interest for applications requiring elevated rigidity
and heat resistance.

Keywords: poly(lactic acid); PLA; biocomposites; mineral filler; calcium sulfate; natural gypsum;
anhydrite II; melt–mixing; thermal and mechanical properties; crystallization; Vicat softening temper-
ature; injection molding and extrusion; technical applications

1. Introduction

The high interest and progress in the production of biosourced polymers such as
polylactide or poly(lactic acid) (PLA), is connected to a large number of factors, including
the increase in requests for more environmentally sustainable products, the development of
new biobased feedstocks and larger consideration of the techniques of recycling, increase
in restrictions for the use of polymers with high “carbon footprint” of petrochemical
origin, particularly in applications such as packaging, automotive, electrical and electronics
industry, and so on [1–8].

Nowadays, when looking for a sustainable society and environmentally friendly
products, the market turns to more “durable” applications, therefore important demands
can be expected for new biomaterials which clearly offer multiple benefits to customers.
Still, for many applications, the carbon footprint of products can be reduced by replacing
“fossil carbon” with “renewable carbon” [9].
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PLA, a biodegradable polyester produced from renewable resources, is one of the key
bioplastics with the largest market significance due to its properties (high tensile strength
and rigidity, good flexural strength, optical transparency) [2]. Due to its very interesting
properties, PLA is currently receiving considerable attention for traditional applications
such as packaging [10], as well as the production of textile fibers [11,12], and it also finds
higher added value for durable/technical [9,13] and biomedical applications [14].

Regarding the use of PLA in durable applications, unfortunately, its application is
somewhat limited because this biopolyester suffers from some shortcomings, e.g., poor
thermal resistance, low heat distortion temperature and rate of crystallization, as well
as rather high sensitivity to hydrolysis, whereas specific end-use properties are required.
Therefore, at this time, an impressive number of studies concerning the production of
novel PLA (nano)composites characterized by improved characteristics, such as better
processability, enhanced mechanical properties and thermal resistance, flame retardancy,
tailored electrical properties, longer durability to allow PLA utilization in applications
requiring higher added value, have been undertaken. To reach the end-user demands,
the properties of PLA can be tuned up by combining the polyester matrix with different
dispersed phases: micro- and nano-fillers, reinforcing fibers, impact modifiers, plasticizers,
other polymers, and various types of additives. Following different objectives, PLA has
already been melt–mixed with CaCO3 [8,15], talc [16,17], kaolin [18], BaSO4 [19], and other
mineral fillers, typically used in the industry of polymer composites.

It is worth mentioning that composites of PLA with CaSO4 (CS), as anhydrite or
hydrated forms, have been primarily used in the field of biomedical applications for bone
reparation and production of implant materials [20–23]. CS is considered as an uncom-
mon biocompatible material which is completely resorbed following its implantation [21].
Nevertheless, few studies were devoted to the utilization of synthetic CS whiskers to rein-
force polyvinyl chloride (PVC) [24,25], polypropylene (PP) [26,27], and polycaprolactone
(PCL) [28]. Furthermore, in response to the demands for enlarging PLA applications while
reducing its production cost, it has been previously disclosed by us and our collaborators
that PLA can be effectively melt–blended with adequately thermally treated synthetic
gypsum [29–32], a by-product directly issued from the lactic acid (LA) production pro-
cess [33–35]. PLA can be successfully melt–blended with previously calcinated gypsum at
500 ◦C, so called β-anhydrite II (AII), which is less sensitive to moisture [2,32]. From the
perspective of “green chemistry”, as well as economics, CS was considered a logical filler
choice for PLA cost reduction due to its availability as a waste stream from LA produc-
tion [36]. Moreover, as for other mineral-filled polymers, the addition of a third component
into PLA-AII compositions, i.e., plasticizers [30], impact modifiers [32,37], clays [38], flame
retardants (FRs) [2], other additives, has been considered to obtain composites with specific
end-use properties. For more information on this topic, we suggest a short insight on the
case study presented in a review published by us concerning the production and properties
PLA composites [2].

Nevertheless, nowadays, the producers of natural gypsum are currently looking for
new markets by proposing CS derivatives, such as AII, for new applications of higher
added value, e.g., in the industry of polymer composites, paints, coatings, etc. Regarding
so-called “insoluble” anhydrite (CS AII), somewhat regrettably, this filler is less known
by potential users. Therefore, the information regarding the utilization of stable CS (AII)
for reinforcing polymers is very limited compared to other mineral fillers (talc, CaCO3,
kaolin, etc.), whereas the nature of CS derivatives or the necessity of thermally treatments
at high temperature to produce stable fillers was much less studied [27,39]. There is also
a misunderstanding connected to the quick absorption of water or high sensitivity to
moisture, which is specific to CS hemihydrate (CaSO4 0.5H2O) and to “soluble” anhydrite
(i.e., AIII). Consequently, this confusion is detrimental for the utilization of stable forms of
CS (i.e., AII) in melt–blending applications with polymers requiring fillers characterized by
high thermal stability and low absorption of water/moisture. Accordingly, it is necessary
to find additional methods to prove the stability and added value of AII as filler. To the best
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of our knowledge, the potential of this filler has not been identified sufficiently, therefore,
further prospects are required to reveal its beneficial effects for different purposes.

On the other hand, the earlier studies realized by us and our collaborators [2] were
mostly limited to a specific PLA from the first generation (i.e., an amorphous PLA matrix,
not available commercially today) and to the use of synthetic gypsum by-product as ob-
tained directly from the LA process. Today, various PLA grades are available, characterized
by different molecular weights, L-lactic acid isomer purity, as well as the presence of special
additives, paving the way for new possibilities in applications [2,3]. In addition, it is known
that the choice of PLA matrix is of high importance when following different techniques in
processing (injection molding (IM), extrusion, 3D printing, etc.), aspects less considered
in the previous studies. Still, as already mentioned, PLA is often in an amorphous state
after any processing step, such as extrusion or IM, showing limited or poor heat resistance
(low heat distortion temperature (HDT)). In fact, this is a kind of ‘Achilles’ heel’, limiting
PLA use in engineering/technical applications [40]. This parameter (i.e., the degree of
crystallinity (DC)) is particularly essential to control the PLA degradation rate, thermal
resistance, as well as mechanical, optical, and barrier properties. The adequate choice of
PLA matrix, and the combination with a filler that can increase the crystallization rate
of PLA, could open the way to better performing composites designed for engineering
applications requiring resistance at high temperature.

Based on the prior art, the main goal of this study is to present recent experimental
results and advances regarding the properties of mineral-filled biocomposites produced
with CS AII made from natural gypsum and using PLA matrices of different molecular
weights and isomer purity, mainly intended for processing by IM or extrusion. This will
allow determining that the adequate choice of the PLA matrix is of key importance from
the perspective of the application. Moreover, because CS AII is less known as a performant
filler, one additional goal is to increase the interest in its utilization by experimentally
proving its stability under harder testing conditions, such as following mixing in water as
slurry. Regarding the PLA-AII composites, the study is focused on the characterization of
their morphology and evidence for enhancement and tuning of thermal and mechanical
properties connected to the nature of PLA and amounts of filler. However, it reveals
some unexpected performances for special compositions, i.e., a remarkable increase in
both DC and Vicat softening temperature (VST). Due to their properties, these “green”
composites are of potential interest for utilization in the biomedical sector (e.g., via 3D
printing) as biodegradable/rigid packaging and in technical applications requiring rigidity,
heat resistance, and dimensional stability.

2. Materials and Methods
2.1. Materials

Three distinct PLA grades were investigated in the frame of the experimental program
to consider different applications of and techniques for processing:

1. PLA 4032D (supplier: NatureWorks LLC, Blair, NE, USA), is a PLA of high molecular
weight and melt viscosity designed for the extrusion of films and the realization
of PLA blends. It is characterized by low D-isomer content (1.4%) and a melting
temperature (Tm) in the range of 155 to 170 ◦C and is abbreviated as PLA1.

2. PLA2: PLA 3051D is an IM grade for realization of products requiring low HDT
(supplier NatureWorks LLC) characterized by higher D-isomer content (i.e., 4.3%) and
a Tm in the range of 150 to 165 ◦C, according to the technical sheet of the supplier.

3. PLA3: PLA Luminy L105 (supplied by Total Corbion PLA (actually, TotalEnergies
Corbion), Gorinchem, The Netherlands) is characterized by high L-isomer purity
(L-isomer ≥99%, and implicit by very low content of D-isomer, <1%) and Tm of ca.
175 ◦C. PLA3 is a high flow PLA for spinning and IM, allowing the production of
items with thin walls.

Table 1 shows the rheological information (i.e., melt flow rate (MFR) values) and
the results of molecular characterizations by gel permeation chromatography (GPC), also
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referred to as size-exclusion chromatography (SEC) obtained using Agilent 1200 Series GPC-
SEC System (Agilent Technologies, Santa Clara, CA, USA) and chloroform (at 30 ◦C) as the
solvent (Mw being the weight-average molar mass expressed in polystyrene equivalent,
the dispersity being the Mw/Mn ratio between the weight- and number-average molar
masses).

Table 1. Characteristics of PLAs used as the polymer matrix.

PLA
Matrix Mw

Mw/Mn
(Dispersity) D-Isomer, % MFR *,

g/10 min

PLA1 209,000 2.0 1.4 7

PLA2 182,000 2.0 4.3 10–25

PLA3 133,000 1.9 <1.0 70
* Values indicated by supplier: Melt Flow Rate (MFR) measurements at 210 ◦C, 2.16 kg.

CaSO4 β-anhydrite II (CS AII) delivered as “ToroWhite” filler was kindly supplied by
Toro Gips S.L. (Spain). According to the information provided by supplier, these products
are obtained from selected food and pharma grades of high purity natural gypsum. They are
characterized by high whiteness/lightness (L*), AII being an alternative of choice as a white
pigment (TiO2) extender. Color measurements performed in the CIELab mode (illuminate
D65, 10◦) with a SpectroDens Premium (TECHKON GmbH, Königstein, Germany) have
evidenced the high lightness of AII, i.e., L* of 95.8. Samples of CS dihydrate were also
obtained from the same supplier for specific comparative tests (vide infra).

Figure 1a,b show selected SEM pictures to illustrate the morphology of AII filler
used in this study for melt-blending with PLAs. The granulometry of AII sample was
characterized by Dynamic Light Scattering (DLS) using a Mastersizer 3000 laser particle
size analyzer (Malvern Panalytical Ltd., Malvern, UK), the microparticles having a Dv50 of
5.4 µm and a Dv90 of 14.9 µm.
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Figure 1. (a,b). SEM micrographs (SE mode) at different magnifications of CS AII microparticles. 
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To evidence the distinct characteristics of AII, CS dihydrate was thermally treated 

during 2 h at different temperatures (140 °C, 200 °C, and 500 °C) in a Nabertherm B400 
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tively, CS hemihydrate, CS β-anhydrite III (AIII), and CS β-anhydrite AII (Figure 2). Then, 

Figure 1. (a,b) SEM micrographs (SE mode) at different magnifications of CS AII microparticles.

2.2. Specific Methods and Analyses to Demonstrate the Stability of AII as Filler

To evidence the distinct characteristics of AII, CS dihydrate was thermally treated dur-
ing 2 h at different temperatures (140 ◦C, 200 ◦C, and 500 ◦C) in a Nabertherm B400 furnace
(Nabertherm GmbH, Lilienthal, Germany) to obtain different forms of CS, respectively,
CS hemihydrate, CS β-anhydrite III (AIII), and CS β-anhydrite AII (Figure 2). Then, the
so-produced samples were characterized using TGA and XRD techniques. Furthermore,
to test the stability of AII even after immersion in water, AII powders were mixed as a
slurry (20%) in demineralized water for 24 h. The solid fraction (AII) was separated by
sedimentation and centrifugation, maintained 24 h under a fume hood at room temperature
(RT), and then dried under vacuum at low temperature (50 ◦C) for 2 h to remove the
residual moisture.
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Figure 2. Experimental attempts to evidence the stability of CS β-AII by comparison to CS β-
hemihydrate and CS β-AIII.

On the other hand, for sake of comparison, similar experiments were performed
with CS (hemihydrate) and AIII, but these fillers were found to be extremely sensitive to
water [41], leading to the formation of solid “blocky” structures of CS dihydrate (Figure 2).

2.3. Preparation of PLA-AII Composites

All materials were carefully dried at 70 ◦C overnight to limit PLA degradation during
processing at high temperature due to the presence of moisture. Starting from dry-mixed
PLAs and CS (AII) blends, PLA composites were obtained by melt–compounding each
of the three polyester matrices with 20% and 40 wt.% AII at 200 ◦C, using a Brabender
bench scale kneader (Brabender GmbH &. Co. KG, Duisburg, Germany) equipped with
“came” blades (conditions of processing: feeding at 30 rpm for 3 min, followed by 7 min
melt–mixing at 100 rpm). The evolution of mechanical torque during the melt–mixing
of PLAs and PLA−AII composites was followed and considered as primary rheological
information (Figure 3).

75



Polymers 2022, 14, 2360

Polymers 2022, 14, x  6 of 22 
 

 

and PLA−AII composites was followed and considered as primary rheological infor-
mation (Figure 3). 

  
Figure 3. Comparative evolution of torque during melt-mixing of PLAs and PLA-AII composites 
using Brabender internal mixers. 

In the subsequent step, the materials recovered after the melt–compounding process 
(after cooling in nitrogen liquid) were ground with a Pulverisette 19 (Fritsch GMBH, Idar-
Oberstein, Germany), whereas the specimens for mechanical characterizations were ob-
tained by IM, using a DSM micro injection molding (IM) machine (now Xplore, Sittard, 
The Netherlands), using the following processing conditions: temperature of IM = 200 °C, 
mold temperature = 70 °C. For the sake of comparison, neat PLAs were processed using 
similar conditions as with the mineral filled composites. Throughout this contribution, all 
percentages are given as weight percent (wt.%). 

2.4. Methods of Characterization 
(a) Thermogravimetric analyses (TGA) were performed using a TGA Q50 (TA Instru-

ments, New Castle, DE, USA) by heating the samples under nitrogen or air from room 
temperature (RT) up to a max. 800 °C (platinum pans, heating ramp of 20 °C/min, 60 
cm3/min gas flow rate). 

(b) Differential Scanning Calorimetry (DSC) measurements were accomplished by 
using a DSC Q200 from TA Instruments (New Castle, DE, USA) under nitrogen flow. In 
the case of PLAs and PLA composites, the procedure was as follows: first heating scan at 
10 °C/min from 0 °C up to 200 °C, isotherm at these temperature for 2 min, then cooling 
by 10 °C/min to −20 °C, and finally, a second heating scan from −20 to 200 °C at 10 °C/min. 
The first scan was used to erase the prior thermal history of the polymer samples. The 
events of interest linked to the crystallization of PLA during DSC cooling scan, i.e., the 
crystallization temperatures (Tc) and the enthalpies of crystallization (ΔHc), were quanti-
fied using TA Instruments Universal Analysis 2000 software (Version 3.9A (TA Instru-
ments—Waters LLC, New Castle, DE, USA)). Noteworthy, all data were normalized to 
the amounts of PLA from the samples. The thermal parameters were also evaluated in the 
second DSC heating scan and abbreviated as follows: glass transition temperature (Tg), 
cold crystallization temperature (Tcc), enthalpy of cold crystallization (ΔHcc), melting peak 
temperature (Tm), melting enthalpy (ΔHm), and final DC (χ). The DC (degree of crystallin-
ity) was determined using the following general equation: 

0

5

10

15

20

3 4 5 6 7 8 9 10 11 12

To
rq

ue
, N

m

Time,  min

PLA1-40% AII
PLA1
PLA2-40% AII
PLA2
PLA3-40% AII
PLA3

PLA1–40% AII

PLA2–40% AII

PLA3–40% AII
PLA3

PLA2

PLA1

Mixing 7 min, at 100 rpm

Figure 3. Comparative evolution of torque during melt-mixing of PLAs and PLA-AII composites
using Brabender internal mixers.

In the subsequent step, the materials recovered after the melt–compounding process
(after cooling in nitrogen liquid) were ground with a Pulverisette 19 (Fritsch GMBH,
Idar-Oberstein, Germany), whereas the specimens for mechanical characterizations were
obtained by IM, using a DSM micro injection molding (IM) machine (now Xplore, Sittard,
The Netherlands), using the following processing conditions: temperature of IM = 200 ◦C,
mold temperature = 70 ◦C. For the sake of comparison, neat PLAs were processed using
similar conditions as with the mineral filled composites. Throughout this contribution, all
percentages are given as weight percent (wt.%).

2.4. Methods of Characterization

(a) Thermogravimetric analyses (TGA) were performed using a TGA Q50 (TA In-
struments, New Castle, DE, USA) by heating the samples under nitrogen or air from
room temperature (RT) up to a max. 800 ◦C (platinum pans, heating ramp of 20 ◦C/min,
60 cm3/min gas flow rate).

(b) Differential Scanning Calorimetry (DSC) measurements were accomplished by
using a DSC Q200 from TA Instruments (New Castle, DE, USA) under nitrogen flow.
In the case of PLAs and PLA composites, the procedure was as follows: first heating
scan at 10 ◦C/min from 0 ◦C up to 200 ◦C, isotherm at these temperature for 2 min, then
cooling by 10 ◦C/min to −20 ◦C, and finally, a second heating scan from −20 to 200 ◦C
at 10 ◦C/min. The first scan was used to erase the prior thermal history of the polymer
samples. The events of interest linked to the crystallization of PLA during DSC cooling
scan, i.e., the crystallization temperatures (Tc) and the enthalpies of crystallization (∆Hc),
were quantified using TA Instruments Universal Analysis 2000 software (Version 3.9A (TA
Instruments—Waters LLC, New Castle, DE, USA)). Noteworthy, all data were normalized
to the amounts of PLA from the samples. The thermal parameters were also evaluated
in the second DSC heating scan and abbreviated as follows: glass transition temperature
(Tg), cold crystallization temperature (Tcc), enthalpy of cold crystallization (∆Hcc), melting
peak temperature (Tm), melting enthalpy (∆Hm), and final DC (χ). The DC (degree of
crystallinity) was determined using the following general equation:

χ =
(∆Hm − ∆Hcc)

∆H0
m ×WPLA

× 100 (%)
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where ∆Hm and ∆Hcc are the enthalpies of melting and of cold-crystallization, respectively,
W is the weight fraction of PLA in composites, and ∆H0

m is the melting enthalpy of 100%
crystalline PLA considered 93 J/g [42]. Notable, the DC was calculated by subtracting the
enthalpy of cold crystallization (∆Hcc) and of pre-melt crystallization (if it was evidenced
on DSC curves), from the enthalpy of melting (∆Hm).

To have information about the DC of specimens produced by IM, the properties of
PLA and PLA-AII composites of interest were evaluated following the first DSC scan. The
DSC technique was also used to evidence the transformation of gypsum by heating to
400 ◦C (the limit of instrument).

(c) Mechanical testing: Tensile tests were performed with a Lloyd LR 10K bench ma-
chine (Lloyd Instruments Ltd., Bognor Regis, West Sussex, UK) according to the ASTM
D638-02a norm on specimens-type V at a crosshead speed of 1 mm/min. For the characteri-
zation of Izod impact resistance, a Ray-Ran 2500 pendulum impact tester and a Ray-Ran
1900 notching apparatus (Ray-Ran Test Equipment Ltd., Warwickshire, UK) were used
according to ASTM D256 norm (method A, 3.46 m/s impact speed, 0.668 kg hammer). For
both tensile and impact tests, the specimens produced by IM were previously conditioned
for at least 48 h at 23 ± 2 ◦C under relative humidity of 50 ± 5%, and the values were
averaged over minimum five measurements.

(d) DMA (Dynamic Mechanical Analysis) were performed on rectangular specimens
(60 × 12 × 2 mm3) obtained by IM (DSM micro-IM machine) using a DMA 2980 apparatus
(TA Instruments, New Castle, DE, USA) in dual cantilever bending mode. The dynamic
storage and loss moduli (E′ and E”, respectively) were determined at a constant frequency
of 1 Hz and amplitude of 20 µm as a function of temperature from −20 ◦C to 140 ◦C, at a
heating rate of 3 ◦C/min.

(e) Vicat softening temperature (VST) measurements were performed according
to ASTM D1525, using HDT/Vicat 3-300 Allround A1 (ZwickRoell Gmbh & Co, Ulm,
Germany) equipment. The samples with thickness of 3.2 mm were rectangular shaped
(12 × 10 mm2). All samples were evaluated under a load of 1000 g and at a heating rate of
120 ◦C/h using minimum 3 specimens.

(f) Scanning Electron Microscopy (SEM) analyses on the PLA samples, previously
cryofractured at a liquid nitrogen temperature, were performed using a Philips XL scan-
ning electronic microscope (Eindhoven, Netherlands) at various accelerated voltages and
magnitudes. For better information and easy interpretation, the SEM was equipped for
both secondary (SE) and back scattered electrons (BSE) imaging. Reported micropho-
tographs represent typical morphologies as observed at, at least, three distinct locations.
SEM analyses of AII microparticles were performed at different magnifications in the SE
mode (5 kV accelerated voltage). SEM analyses were also performed on the surfaces of
selected specimens fractured by tensile or impact testing.

(g) X-ray diffraction (XRD) characterization: The morphological analysis of CS pow-
ders by X-ray diffraction was performed on a Siemens D5000 diffractometer (Siemens AG,
Munich, Germany) using Cu Kα radiation (wavelength, 1.5406 Å) at RT, for 2θ from 10◦ to
90◦ (scanning step 0.026).

3. Results and Discussion
3.1. New Evidence of CS AII Stability as Filler for the Industry of Polymer Composites

It is a noteworthy reminder that CS is available in several forms: dihydrate—CaSO4·2H2O
(commonly known as gypsum), hemihydrate—CaSO4 0.5H2O (Plaster of Paris, stucco,
or bassanite), and different types of anhydrite [43–45]. The dehydration of gypsum (CS
dihydrate) above 100 ◦C at low pressure (vacuum) or under air at atmospheric pressure,
favors β-CS hemihydrate formation. An increase in the temperature to about 200 ◦C allows
producing so called β-anhydrite III (β-AIII)—which is not stable, whereas calcination
at temperatures higher than 350 ◦C (e.g., at 500–800 ◦C in an industrial process) allows
obtaining stable β-anhydrite II (abbreviated as AII). The CS phases obtained by progres-
sive dehydration and calcination of gypsum at higher temperatures are in the following
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order [43]: dihydrate→ hemihydrate→ anhydrite III→ anhydrite II→ anhydrite I (at tem-
peratures higher than 1180 ◦C). DSC is a powerful tool of analysis that can be considered to
evidence the thermal transformations of CS dihydrate during heating (Figure 4). Accord-
ingly, in the first step, the gypsum was transformed at about 140 ◦C in β-CS hemihydrate.
When the hemihydrate was heated at higher temperature it was converted into “soluble”
anhydrite—AIII (endothermal process, a shoulder was observed at about 160 ◦C on DSC
curve), and above 350 ◦C, “insoluble“ anhydrite (β-AII) was generated, as evidenced by
the exothermal transformation on DSC curves.
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method, 10 ◦C/min).

To allow the use of CS in the production of polymer composites (e.g., based on
polyesters, such as PLA), we restate that it is of prime importance to dry (dehydrate) the
CS dihydrate or hemihydrate prior melt–compounding, or the use of stable anhydrite
forms is required, keeping in mind the importance of minimizing free moisture. Indeed,
PLA is stable in the molten state provided that it is adequately stabilized and dried to
have a maximum acceptable water content of 250 ppm, or even below 50 ppm, in the case
of processing at high temperature [3]. Moreover, following a comparative study, it has
been reported elsewhere that synthetic β-AII (made from gypsum from the LA production
process), is much better suited for melt–blending with PLA than β-AIII, which is by far
too sensitive to atmospheric water absorption [29]. Indeed, AIII has a dramatically quick
uptake of water, which was evidenced at the start of the thermogravimetric analyses, thus
its rapid transformation to CS hydrated forms can be assumed. Moreover, in the case
of AIII analyzed by XRD, it was reported that the high humidity triggered an instant
transformation into CS hemihydrate (bassanite) [46]. Accordingly, due to its instability, AIII
is not recommended for melt–blending with polymers with high sensitivity to degradation
by hydrolysis during processing at high temperature.

Figure 5a shows the comparison of thermogravimetric analyses (TG) of CS derivatives
produced from natural gypsum by thermal treatments at different temperatures. AII
showed a particularly good thermal stability in all ranges of temperature (with a weight
loss lower than 1% by heating to 600 ◦C). On the contrary, CS dihydrate and CS hemihydrate
record a weight loss of 20–21% and 6–7%, respectively, in the dehydration process step
(below 200 ◦C).
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Figure 5. (a,b) Comparative TG and D-TG traces (20 ◦C/min, under N2). (a) CS hydrated forms
(dihydrate and hemihydrate) and AII; (b) samples recovered after the slurry tests: CS (AII) after 24 h
mixing in water as slurry; CS (AIII) converted to gypsum; CS hemihydrate converted to gypsum; CS
dihydrate (reference).

The comparative TGAs of the recovered products after the slurry tests (Figure 5b)
evidence only some low content of superficial water/moisture in the sample labelled “AII”,
without fully excluding the presence of some traces of sub-hydrates. On the other hand,
the total rehydration with the formation of gypsum in the case of CS hemihydrate and of
AIII, was confirmed by the high amount of water lost during heating (21–22%).

Interestingly, the XRD technique is also largely used to evidence the differences
between the various CS derivatives [46]. Figure 6 shows the comparative XRD patterns
of products obtained following the transformation of gypsum at different calcination
temperatures (see experimental section) to obtain β-CS hemihydrate and β-AII. AIII was
not included here due to its sensitivity to moisture and its quick transformation into
hydrated forms. For CS dihydrate (gypsum), five major diffraction peaks, i.e., (020), (021),
(130), (041), and (−221), have been reported elsewhere [47]. Positions (2θ) of these peaks
were confirmed in the present study, respectively, at 11.6◦, 20.7◦, 23.4◦, 29.1◦, and 31.1◦,
whereas additional XRD peaks were observed at higher 2θ angle.
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The diffractogram of β-CS hemihydrate featured specific peaks at 2θ ≈ 14.7, 25.6,
29.7, and 31.9◦ [48]. The presence of a supplementary peak at 2θ ≈ 11.6 (seen also for
CS dihydrate) is reasonably ascribed to the inherent absorption of moisture, leading to
traces of other CS hydrated forms. After the dehydration and thermal treatments (i.e., at
500 ◦C) of gypsum (monoclinic crystal system), the crystalline structure of the obtained CS
β-anhydrite II (AII) was different, i.e., orthorhombic [49]. It was characterized by only one
intense peak at 2θ ≈ 25.4◦ and a number of smaller ones at higher scattering angles [31].

On the other hand, Figure 7 shows the results of XRD analyses of selected samples
recovered after the slurry tests. Accordingly, the following was found: when mixing in
water only AII was stable, keeping its original crystalline structure as evidenced by the same
XRD peaks, while the other CS forms (such as AIII and CS hemihydrate) were rehydrated
to gypsum (CS dihydrate).
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These new results respond to the current questions asked by potential users requiring
evidence of AII stability following contact with moisture/water. AII exhibited the closest
packing of ions, which makes it highly dense and strong, whereas the absence of empty
channels means it reacts slowly with water [43].

By considering its overall properties (high thermal stability, whiteness, low hardness
(Mohs), very low solubility/rate of rehydration, others), AII can be considered a promising
natural filler for the industry of polymer composites.

3.2. Characterization of PLA−AII Composites

First, it is important to point out that the results discussed hereinafter concern the use
of AII without any surface treatments, whereas the PLAs used as polymer matrices are
characterized by different molecular weights (MWPLA1 > MWPLA2 > MWPLA3) and rheology,
to allow adapted melt processing techniques (e.g., extrusion or IM). Furthermore, for PLA2
and PLA3 (PLA grades of high fluidity designed for IM), the attention will be focused on
the differences linked to the purity in L-lactic acid enantiomer.

By considering the evolution of torque values during melt mixing process as primary
rheological information, in all cases the addition of filler (AII) into PLA led to the increase
in mechanical torque/melt viscosity. Furthermore, the torque was clearly determined by
the molecular weights of PLAs (see Figure 3, experimental part) and the following order
was seen by melt–mixing at the temperature of 200 ◦C: PLA1–40% AII > PLA1 > PLA2–40%
AII > PLA2 > PLA3–40% AII > PLA3.

80



Polymers 2022, 14, 2360

3.2.1. Morphology of PLA-AII Composites

After the grinding process, the microparticles of AII used for this study had a volume
median diameter of ~5 µm (analysis of granulometry by DLS). The particulate filler was
characterized by a low aspect ratio, whereas a shared morphology, i.e., particles with
irregular shape and fibrillar/flaky aspect due to the cleavage of CS layers, was evidenced
by SEM (Figure 1, section Materials).

Regarding the morphology of composites, for better evidence of filler distribution
through PLA matrix, SEM imaging was performed using back scattered electrons (BSE)
to obtain a higher phase contrast. Figure 8a–h shows representative SEM-BSE images of
cryofractured surfaces of PLA−AII composites with 20–40% filler.
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Well-distributed/dispersed particles, with various geometries and quite broad size
distribution were evidenced at the surface of cryofractured specimens. A cryofracture
characterizing moderate, but effective adhesion between filler (AII) and PLA, can be
assumed by considering the overall SEM images, but also considering the mechanical
performances of composites. It is worth a reminder that such quality of dispersion was
obtained without any previous surface treatment of filler. However, better individual
particles dispersion was easily obtained at lower filler content (20% AII) (Figure 8a,b),
whereas at high filling (40 wt.%), the presence of some aggregates/some zones with poorer
dispersion was not totally excluded. Furthermore, it is difficult to conclude that following
the melt–compounding with internal mixers led to important differences regarding the
morphology of composites (i.e., in relation to the type of PLA matrix and the rheology
of blends, which is essentially determined at similar amounts of filler by the molecular
weights of PLA).

3.2.2. Thermogravimetric Analysis (TGA)

The results of thermal characterizations by TGA (Table 2) allow concluding that the
addition of AII into different PLAs primarily leads to composites characterized by similar
or better thermal properties than those of neat polymers processed under similar conditions.
Interestingly, following the comparison of processed PLAs, PLA1 showed better thermal
characteristics than PLA2 and PLA3. This difference was also seen in the case of composites,
and it is reasonably ascribed to the higher molecular weights of PLA1. An increase in the
onset of thermal degradation (T5%, temperature corresponding to 5% weight loss) and
of maximum decomposition temperature (Td, from max. D-TG) was found as a general
tendency by filling PLAs with up to 40% AII. However, more spectacular changes were
observed when PLA2 or PLA3 was used as the polymer matrix. Furthermore, from the D-
TG curves, it is observed that the rate of thermal degradation (wt.%/◦C) at the temperature
corresponding to the max. rate of degradation was much reduced/delayed in the case
of composites, in quite good correlation with the amounts of filler. The enhancement of
thermal stability by filling PLA with AII is a key-property in the perspective of processing
and further application of such materials. For additional insight, the comparative TG
and D-TG curves of neat PLAs and PLA−(20–40)% AII composites are shown in the
Supplementary Material Figure S1a–c.

Table 2. Thermal parameters of PLAs and PLA-AII composites as determined by TGA.

Sample
Onset of Thermal

Degradation (T5%),
◦C

Temp. at Max. Rate of
Degradation, ◦C

(From D-TG)

Max. Degradation Rate,
wt.%/◦C

(From D-TG)

PLA1 341 376 2.7
PLA1−20% AII 345 382 2.2
PLA1−40% AII 342 378 1.7

PLA2 317 362 2.1
PLA2−20% AII 320 372 2.2
PLA2−40% AII 330 377 1.7

PLA3 320 369 2.5
PLA3−20% AII 330 370 2.1
PLA3−40% AII 335 378 1.5

3.2.3. Differential Scanning Calorimetry (DSC)

It is generally recognized that the PLAs of higher L-isomer purity (less than 1%
D-isomer) are characterized by higher kinetics of crystallization, properties that can be
improved in the presence of nucleating agents, to allow the utilization in applications
requiring high HDT [50]. In contrast, PLA resins of higher D-isomer content (4–8%) are
more suitable for thermoformed, extruded, and blow molded products, since they are
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more easily processed when the crystallinity is lower [3]. First, from the DSC analyses
(Table 3 and Figure 9a,b) it was observed that the addition of AII had beneficial effects
on the crystallization of PLA, distinctly evidenced for PLA1 and especially for PLA3 as a
polymer matrix.

Table 3. Comparative DSC results of neat PLAs and PLA–AII composites obtained using different
PLA grades as polymer matrix (second DSC heating scan, by 10 ◦C/min).

Sample
(%, by Weight)

Tg
(◦C)

Tcc
(◦C)

∆Hcc
(J g−1)

Tm *
(◦C)

∆Hm
(J g−1)

χ *
%

PLA1 63 116 35.4 166; 170 37.1 1.8
PLA1−20% AII 62 109 26.2 170 37.8 12.5
PLA1−40% AII 61 106 27.4 169 45.4 19.4

PLA2 61 135 1.6 154 2.3 0.8
PLA2−20% AII 61 133 5.7 153 6.5 0.9
PLA2−40% AII 62 133 3.5 153 5.3 1.9

PLA3 61 100 (161) 28.9 (5.2) 177 62.7 30.8
PLA3−20% AII ND ** - - 176 55.7 59.9
PLA3−40% AII ND - - 176 55.3 59.5

* χ-DC as calculated by subtracting ∆Hcc from ∆Hm and by considering an enthalpy of 93 J/g for 100% crystalline
PLA; ND: ** not detectable on DSC curve.
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Moreover, the DSC curves obtained during cooling and second heating scans clearly
revealed that the association of AII with PLA3 of high L-isomer purity (≥99%) charac-
terized by medium molecular weights (macromolecular chains with increased mobility
during cooling process), yielded to composites characterized by surprising kinetics of
crystallization and a high DC. In fact, the DC remarkably increased from 31% (neat-PLA3
processed) to about 60% in composites (PLA3−(20–40)% AII). Moreover, the effect of the
filler was also significant using PLA1 as the matrix (PLA of higher molecular weights,
D-isomer = 1.4%), the composites being characterized by better/moderate crystallization
ability, determined by the level of filler: the DC of PLA1 (1.8%) increased in composites up
to about 20%.

Still, using PLA2 with higher D-enantiomer content (4.3%), there were no important
changes in crystallinity (Table 3 and Figure S2 from the Supplementary Material). The
DC of neat PLA2 and of composites remained very low (DC < 2%) and only were slightly
affected by the amount of filler. Regarding the cold crystallization process recorded in
the second DSC scan, PLA2 had a lower crystallization ability (Tcc determined at high
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temperatures, i.e., 133–135 ◦C), whereas for PLA1 samples, Tcc decreased with the amount
of filler, from 116 ◦C to 106 ◦C. However, by comparing the neat PLAs and their respective
composites, for most of the samples, there was no significant modification of glass transition
and melting temperatures (Tg and Tm).

In relation to the results of DSC characterizations, it was once more proved that the
highest kinetics of crystallization/DC are obtained by reducing the molecular weights of
PLA and using PLA of higher L-enantiomer purity [51], i.e., for PLA3. Still, the addition
of AII into PLA3 leads to composites of interest for technical applications (by considering
the overall performances of composites), because they show a superior DC, properties
reasonably ascribed to the nucleating effects of filler and inherent characteristics of the
polymer matrix.

3.2.4. Mechanical Characterizations

The specimens for mechanical testing (Figure 10) were produced by IM (see experi-
mental section). The strength of particulate-filled polymer composites depends, to a great
extent, on the properties of the matrix, the interfacial adhesion between the matrix and dis-
persed phase, the filler shape, size, and amount [52]. Noteworthy, comprehensive studies
regarding the interfacial adhesion between the PLA and microfiller (AII) have been realized
using different techniques by the research group of Pukánszky B. and collab. [53].
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Figure 10. Selected pictures to illustrate the aspect of specimens of PLA and PLA−AII composites
produced by IM.

Figure 11a–c summarizes the results of mechanical characterizations of neat PLAs and
their respective composites filled with 20–40% AII. For composites, the tensile strength
gradually decreased with the loading of filler, e.g., adding 20% AII, from 60–66 MPa
(neat PLAs) to 50–56 MPa for composites, values which are of real interest for engineer-
ing applications. In contrast, Young’s modulus (Figure 11b) was significantly enhanced
(from ≈ 2000 MPa, neat PLAs) to a value of about 3000 MPa by filling with 40% AII, with-
out any significant influence linked to the nature of PLAs. Moreover, when we compared
the values of tensile strength (σ) of neat PLAs and PLA-AII composites, it was observed
that they followed the same order (σPLA1 > σPLA2 > σPLA3) as that of molecular weights
(MwPLA1 > MwPLA2 > MwPLA3). Accordingly, at high filling (40% AII), it is worth noting
the tensile strength of composites obtained using PLA1 and PLA2 as matrix (51 MPa and
47 MPa, respectively). As expected, all PLAs had low nominal strain at break (about 5%),
values that decreased to 2–3% for composites.
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Figure 11. (a–c). Comparative mechanical characterizations of PLAs with different amounts of filler:
(a) Maximum tensile strength; (b) Young’s modulus; (c) Izod impact resistance (notched specimens).

Regarding the impact resistance, it has been reported in the literature that in some
cases, well dispersed particulate fillers, at optimal loadings or having specific surface
treatment, can contribute to the increase in impact properties [54,55]. Interestingly, the Izod
impact resistance of composites (Figure 11c) was slightly improved by incorporating 20%
AII in each of the three studied PLAs, whereas a further increase in filler content to 40%
led to an important reduction in this parameter. In the case of PLA−20% AII composites,
it is once more proved that well distributed/dispersed rigid/particulate microparticles
can contribute to the dissipation of impact energy by reducing the crack propagation
by different mechanisms (e.g., by crack-bridging [56] or crack pinning, which require
certain adhesion between polymer and filler; whereas the debonding at matrix–particle
interface is also for consideration as mechanism [48]). However, additional SEM images
performed on fractured samples by tensile or impact testing (Supplementary Material,
Figures S3 and S4) suggested that at the interface zone (PLA matrix–filler) were seen both
regions, accounting for the good/moderate adhesion due to the maintaining of intimate
physical contact between constituents after the mechanical solicitation (which explains
the noticeable tensile properties), and zones of debonding or shear yielding, traditionally
ascribed to a toughening mechanism with rigid particles, with contribution in reducing the
cracking and in dissipating the energy of impact solicitation [37,54,55].

On the other hand, at higher filling (i.e., 40 wt.%), due to the inherent presence of more
heterogeneous (mechanically weak) regions, e.g., aggregates of microparticles, they may
act as stress concentrators, causing a decrease in tensile and impact resistance. Therefore,
for applications in which the impact strength is a key-concern, these composites need to
be modified to fulfil the industry requirements [2]. Modification of filler (AII) by special
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surface treatments or/and the addition of a third component into PLA–AII composites, i.e.,
a plasticizer [55], an impact modifier [37,57], etc., can represent alternatives of choice for
better impact resistance performances.

3.2.5. Dynamic Mechanical Analysis (DMA)

DMA has been used to provide information about the performances of PLA-AII
composites in a broad temperature range (i.e., from −20 ◦C to 140 ◦C). Figure 12a,b shows
the evolution of storage and loss modulus (E′ and E”, respectively) of neat PLAs and
their composites as a function of the temperature. In correlation with AII percentage,
E′ increased distinctly in the low-temperature glassy region for all composite samples
(Figure 12a), trends that are like those recorded for the evolution of Young’s modulus
in tensile tests, highlighting the reinforcing effect of filler. This increase is ascribed to
considerable interfacial properties, allowing the stress transfer at low deformations, which
finally is expressed in the enhancements of E′ and Young modulus with filler content [48].
Undeniably, as it is revealed as key example in Table 4, at the temperature of 60 ◦C (very
close to Tg), the loading of filler was responsible for the level of E′, apparently without
some influence linked to the nature of PLA matrix. E′ was twofold increased for PLA
composites filled with 40% AII compared to the unfilled PLAs.
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Table 4. Effects of AII addition on the values of storage modulus (E′) at the temperature of 60 ◦C for
different PLA matrices.

AII Content→ 0% 20% 40%

↓ PLA Matrix ↓ Storage Modulus (E′), GPa

PLA1 2.8 3.5 5.2
PLA2 2.6 3.7 5.4
PLA3 2.7 3.6 5.5

Figure 12b shows the evolution of E” (loss modulus) as a function of temperature. The
results showed that the composites were characterized by slightly higher E”, determined by
the filler loading, an increase assigned to the contribution of the mechanical loss generated
in the interfacial regions [48]. However, the max. peak of E” ascribed to the Tg zone was
only slightly changed, from 66–68 ◦C for the neat PLAs to max. 70 ◦C upon AII filling,
results that are in good agreement with DSC data.

Still, due to the highly filling and increased crystallinity at higher temperatures (i.e., in
the range 80–140 ◦C), PLA3-40% AII composites showed the most important enhancements
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of both, E’ and E”. As demonstrated under dynamic solicitation by DMA, melt–blending of
PLA with AII offers the possibility to produce PLA composites for applications requiring
enhanced mechanical rigidity and higher temperature of utilization.

3.2.6. Vicat Softening Temperature (VST)

It is generally assumed that the fillers can be effective reinforcemnt phases leading
to the improvement in specific thermal properties, such as HDT and VST, mostly in semi-
crystalline polymers (polyethylene (PE), PP, polyamide (PA), etc.). The VSTs of neat PLAs
were around 62–63 ◦C (Figure 13), whereas the addition of 20–40% filler into PLA1 and
PLA2 led only to a slight increase in VST to about 65 ◦C. On the other hand, somewhat
unexpectedly, when considering the melt processing conditions (the temperature of the
mold was around 70 ◦C, without any additional annealing process to obtain higher crys-
tallinity), the most remarkable enhancements were obtained for PLA3−AII composites,
i.e., an increase in VST to 160 ◦C, primarily ascribed to the high level of crystallinity. In
fact, the IM tests highlighted that the association PLA3 with AII leads to PLA compos-
ites characterized by remarkable crystallization kinetics, that allows the production of
items with high DC. Indeed, the comparative DSC analyses performed on IM specimens
(Supplementary Material, Figure S5a–c), confirmed the high DC (49–53%) of PLA3−AII
composites, results that are in good agreement with those presented in the section thermal
characterizations (DSC).
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Before concluding, it is important to mention that the composites concerned in this
study need further optimization by taking into account the constraints imposed by appli-
cation (e.g., the amount of filler is a key-parameter), and this it is expected to be realized
following their production in higher quantities using for melt–compounding twin-screw
extruders. Moreover, in the frame of forthcoming contributions, it will be important to
reconfirm the performances of composites using optimized processing conditions (extru-
sion, IM, etc.) and also to determine other characteristics of interest (flexural strength,
HDT, rheological behaviour and MFI, evolution of molecular parameters as function of the
residence time at high temperature and shear, etc.). Furthermore, the studies on crystalliza-
tion mechanisms using alternative techniques of investigation (polarized light microscopy
(POM), XRD, etc.), are of further concern.
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4. Conclusions

The study provides answers to current requests regarding the production of environ-
mentally friendly materials using PLAs as a matrix (biosourced and biodegradable) and
the utilization of mineral fillers such as CS β-AII made from natural gypsum.

New tests and specific characterizations were performed to prove the stability of AII
as produced by the calcination of gypsum at high temperature (i.e., 500 ◦C), in comparison
to other CS derivatives. Characterized by excellent thermal stability and low absorption of
moisture/water of rehydration, so called “insoluble” AII is stable, maintaining its crystal
structure even after mixing in water as slurry. Moreover, the overall results confirmed that
CS β-AII is a filler of real interest for the industry of polymer composites.

PLAs of different L-lactic acid isomer purity and molecular weights (as supplied for
distinct processing techniques) were used to produce by melt–compounding composites
filled with 20–40% AII. The addition of filler leads to composites characterized by enhanced
thermal stability and increased rigidity (Young’s modulus), determined by the amount
of filler. Interestingly, PLA impact resistance was not decreased when up to 20% filler
was added, whereas the ultimate strength properties were dependent on the molecular
characteristics of PLA matrix, keeping a similar order (PLA1 > PLA2 > PLA3). The values
of tensile strength (e.g., 50–56 MPa, for PLA−20% AII composites) are of real interest for
engineering applications. Melt–blending PLA with AII leads to two-fold enhancement of
storage modulus (at 60 ◦C) and offers the possibility to use PLA in applications requiring
enhanced mechanical rigidity and/or higher temperature of utilization. The good thermo-
mechanical proprieties are ascribed to the fine distribution and dispersion of AII within
PLA matrix, and favorable interfacial interactions between components.

Advanced kinetics of crystallization linked to the addition of AII were evidenced
by DSC for PLA3 of high L-isomer purity (≥99%) and lower molecular weights. Still,
following the IM processing, the properties of crystallization remain impressive in the case
of PLA3 filled with 20–40% AII (DC of about 50%), whereas a VST of 160 ◦C was attained
on IM specimens (only 63 ◦C for the neat PLA). By considering the overall performances
(tensile strength, stiffness, VST, other specific properties), these composites are proposed
for development/production at larger scale, as a quick answer to current requests for the
use of PLA-based products in engineering applications. Nevertheless, by the carefully
choosing the PLA matrix, these “green” mineral filled (AII) composites can be designed for
processing by IM, extrusion, thermoforming, and 3D printing.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14122360/s1, as Supplementary Material: Figure S1a–c.
TG and D-TG curves of neat PLAs and PLA−(20–40)% AII composites (under air, 20 ◦C/min):
(a) PLA1 and PLA1−AII; (b) PLA2 and PLA2−AII; (c) PLA3 and PLA3−AII composites; Figure S2:
Comparative DSC curves of neat PLA2 and those of PLA2−AII composites, as obtained during
second DSC heating (10 ◦C/min).; Figure S3: SEM images (SE mode) of PLA−AII composites
performed on the fractured surfaces obtained after tensile testing.; Figure S4: SEM images (SE mode)
of PLA1−(20–40)% AII composites performed on fractured surfaces obtained by impact testing.;
Figure S5a–c. Comparative DSC analyses on injection molded specimens of PLA and PLA−AII
composites assessing for the higher degree of crystallinity (DC) of PLA3−AII composites (first DSC
scan, 10 ◦C/min).
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Abstract: Biobased raw materials like natural polysaccharides are increasingly sought by the cosmetic
industry for their valuable properties. Such biodegradable and usually non-cytotoxic biopolymers
are commonly used in skin-care products as rheological modifiers, bioemulsifiers and/or bioactive
ingredients. FucoPol is a natural polysaccharide with reported biocompatibility, emulsion-forming
and stabilizing capacity, shear-thinning behavior and bioactivity (e.g., antioxidant capacity, wound
healing ability) that potentiate its utilization in skin-care products. In this study, olive oil and
α-tocopherol containing emulsions were stabilized with FucoPol. Although the presence of α-
tocopherol negatively impacted the emulsions’ stability, it increased their emulsification index (EI).
Moreover, FucoPol outperformed the commercial emulsifier Sepigel® 305, under the tested conditions,
with higher EI and higher stability under storage for 30 days. The formulation of FucoPol-based
emulsions with olive oil and α-tocopherol was studied by Response Surface Methodology (RSM)
that allowed the definition of the ingredients’ content to attain high emulsification. The RSM
model established that α-tocopherol concentration had no significant impact on the EI within the
tested ranges, with optimal emulsification for FucoPol concentration in the range 0.7–1.2 wt.% and
olive oil contents of 20–30 wt.%. Formulations with 25 wt.% olive oil and either 0.5 or 2.0 wt.% α-
tocopherol were emulsified with 1.0 wt.% or 0.7 wt.% FucoPol, respectively, resulting in oil-in-water
(O/W) emulsions. The emulsions had similar shear-thinning behavior, but the formulation with
higher FucoPol content displayed higher apparent viscosity, higher consistency, as well as higher
firmness, adhesiveness and cohesiveness, but lower spreadability. These findings show FucoPol’s
high performance as an emulsifier for olive oil/α-tocopherol, which are supported by an effective
impact on the physicochemical and structural characteristics of the emulsions. Hence, this natural
polysaccharide is a potential alternative to other emulsifiers.

Keywords: polysaccharide; FucoPol; response surface methodology; oil-in-water emulsions; rheology;
texture

1. Introduction

The cosmetics industry’s interest in moving towards sustainability has significantly
increased the incorporation of natural polymers into cosmetic formulations. Among those,
many polysaccharides have properties similar to non-biodegradable synthetic polymers,
which makes them environmentally friendly alternative raw materials [1,2]. Specifically,
bacterial polysaccharides can be used in formulations as moisturizing agents, thickeners,
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stabilizers and texturizers, acting as a biocompatible and biodegradable component that
protect and maintain the skin and improves the formulations efficacy [2,3]. Emulsions, usu-
ally used in the cosmetic, pharmaceutical and food industries, are the most common type
of skincare products due to their appealing feeling on the skin and ease of application [3,4].
Oil in water (O/W) emulsions are usually used in personal care products, which rely on the
utilization of hydrophilic polymers as thickeners, rheology modifiers, emulsion stabilizers,
emulsifiers and moisturizers [4–6].

FucoPol is a high molecular weight exopolysaccharide (EPS) secreted by the bacterium
Enterobacter A47 (DSM 23139) [7–9] composed of fucose, glucose, galactose, glucuronic acid
(2.0:1.9:0.9:0.5 relative molar ratio), and acyl groups (acetyl, pyruvyl, and succinyl) that
represent up to 12.3 wt.% of FucoPol’s dry mass [10]. FucoPol possesses a→4)-α-L-Fucp-
(1→4)-α-L-Fucp-(1→3)-β-D-Glcp(1→trimer backbone. The branches, present at position
3 of the first fucose, are composed of an α-D-4,6-pyruvyl-Galp-(1→4)-β-DGlcAp-(1→3)-
α-D-Galp(1→trimer, with two pyruvate caps in the terminal galactose at positions C-4
and C-6 [10–12]. This polysaccharide’s properties have been widely reported and include
the ability to form viscous solutions with shear-thinning fluid behavior [13], film forma-
tion [14,15], emulsion forming and stabilizing capacity [9,16], and bioactivity (antioxidant
capacity [17], wound healing ability [12] and photoprotection [18]), which make it a very
interesting polysaccharide for biotechnological applications in the field of cosmetics [3,19].

The objective of the present study was to develop emulsions using the bacterial
heteropolysaccharide FucoPol as an emulsifying agent, assessing the emulsions’ rheological
and textural properties. For that purpose, a preliminary assessment of the emulsion forming
and stabilizing capacity of FucoPol for four hydrophobic compounds, at different oil:water
(o:w) weight ratios, was conducted. Then, the selected hydrophobic compound (olive oil)
was used to prepare emulsions with α-tocopherol. RSM was used to define the optimal
concentration ranges for FucoPol, olive oil, and α-tocopherol. The optimized FucoPol-based
emulsions were characterized in terms of their rheological textural properties.

2. Materials and Methods
2.1. Materials

Castor, paraffin, almond, and olive oils were purchased from a local market. Sepigel®

305 was obtained from SEPPIC (Courbevoie, France). α-tocopherol (vitamin E) was ac-
quired from Sigma-Aldrich (Munich, Germany). FucoPol was produced by the bioreactor
cultivation of Enterobacter A47 (DSM 23139) with glycerol as the sole carbon source as
previously described [20], and extracted from the broth by ultrafiltration according to the
procedure previously described [16]. FucoPol was composed of fucose (36% mol), glucose
(33% mol), galactose (26% mol), and glucuronic acid (5% mol), with a total acyl groups
content of 11.1 wt.%. The sample had protein and inorganic salts contents of 13 wt.% and
7.2 wt.%, respectively.

2.2. Determination of Surface-Active Properties

FucoPol was dissolved in MilliQ water at concentrations ranging from 0.1 to 20 g/L,
and the surface tension of the solutions was determined by the drop pendant method [21]
using a Tensiometer (Kruss, Advance, Hamburg, Germany), at room temperature. The
critical micelle concentration (CMC) was determined by plotting the surface tension
as a function of FucoPol concentration and extrapolating the point where the slope of
the curve abruptly changes. The results were expressed as the mean of three solution
drops ± standard deviation.

2.3. Emulsions’ Preparation

The emulsions were prepared as described by Baptista et al. [16], using castor oil,
paraffin oil, almond oil, olive oil as the oil phases, and a FucoPol solution (1.0 or 0.5 wt.%)
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as the aqueous phase, at o:w weight ratios of 3:2 and 2:3. The emulsification index (EI, %)
and the emulsification stability (ES, %) were determined by the following equations [22]:

EI =
he

hT
× 100 (1)

ES =
Final EI
Initial EI

× 100 (2)

where he (mm) is the height of the emulsion layer, and hT (mm) is the overall height of the
mixture after emulsification. Initial and final EI are the values measured at 24 h and after
720 h (30 days), respectively.

Emulsions with olive oil (o:w weight ratio of 3:2) were also prepared with Sepigel®

305, a commercial emulsifier, at concentrations of 0.1 and 0.5 wt.%. An active ingredient,
α-tocopherol, was added to the oil phase at different concentrations (0.0, 2.0, and 5.0 wt.%)
and emulsions stabilized with FucoPol or Sepigel® (0.5 and 1.0 wt.%) were prepared with
olive oil at an o:w weight ratio of 3:2.

2.4. Factorial Design of Experiments

Response surface methodology (RSM) [23] was applied to determine the best formula-
tion to prepare olive oil and α-tocopherol emulsions stabilized with FucoPol. A five-level
three-variable central composite design (CCD) was applied, consisting of seventeen runs,
with eight factorial points, six axial points, and three central points (Table 1).

Table 1. Independent variables and their levels used in the response surface design.

Independent Variables Coded
Variable

Factor Level

−α −1 0 1 α

FucoPol (wt.%) A 0.00 0.30 0.80 1.30 1.64
Olive oil (wt.%) B 13.18 20.00 30.00 40.00 46.82

α-tocopherol (wt.%) C 0.00 1.00 2.50 4.00 5.02

The central points are used to determine the experimental error and the reproducibility
of the data. The independent variables are coded to have low and high levels of −1 and
+1, respectively. The axial points −α and +α were fixed at 1.682 from the central point
and make the design rotatable. The mathematical relationship between the independent
variables can be approximated by the second-order polynomial model equation:

Y = β0 +
n

∑
i=1

βixi +
n

∑
i=1

n

∑
j=1

βijxixj +
n

∑
i=1

βiix2
i (3)

where Y is the predicted response; xi are the independent variables (n = 3). The parameter
β0 is the model constant; βi are the linear coefficients; βii are the quadratic coefficients,
and βij are the cross-product coefficients [24]. A full factorial design of experiments was
drawn up using the Design-Expert (Design-Expert® software package from Stat-Ease Inc.).
The validated model was plotted in a three-dimensional graph and a surface response
that corresponds to the best emulsification was generated. Analysis of variance (ANOVA)
was used to determine the regression coefficients of individual linear, quadratic, and
interaction terms.

2.5. Characterization of the Emulsions
2.5.1. Type of Emulsion

The method described by Kavitake et al. [22] was used to determine the type of emulsion.
A droplet of the test emulsion was placed onto Whatman™ filter paper (0.2 µm, GE Healthcare
Life Sciences, Munich, Germany) and its ability to disperse on the surface was evaluated.
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2.5.2. Microscopic Observation

The emulsions were stained with Nile Blue (a lipophilic dye), as described by Mar-
tins et al. [25]. Briefly, 10 µL of the emulsion were stained with 1% (v/v) Nile Blue A
(Sigma-Aldrich, Darmstadt, Germany) and observed in a Zeiss Imager D2 epifluorescence
microscope (Carl Zeiss, Oberkochen, Germany), with a magnification of 40× through ZEN
lite software (Carl Zeiss, Oberkochen, Germany).

2.5.3. Viscoelastic Properties

The emulsions’ rheological properties were studied using an MCR 92 modular compact
rheometer (Anton Paar, Graz, Austria), equipped with a PP50/S parallel plate geometry
(diameter 50 mm) and a P-PTD 200/AIR Peltier plate to keep the measurement temperature
constant at 25 ◦C. A steady-state flow ramp was used to determine flow curves for shear
rates between 0.01 and 1000 s−1. The flow curves were fitted to the Cross model [16,26]:

η =
η0

1 +
(
τ

.
γ
)m (4)

where η is the apparent viscosity (Pa.s), η0 is the viscosity at zero shear rate (Pa.s), τ (s) is
the relaxation time (s), and m is a dimensionless constant, related to the exponent of pow-er
law (n) by m = 1 − n [13,16]. Frequency sweep tests were performed with frequencies
ranging from 0.01 to 16 Hz for a constant strain of 0.5% that was well within the linear
viscoelastic limit (LVE) evaluated through preliminary amplitude sweep tests.

2.5.4. Texture Analysis

Texture analysis was performed as described by Tafuro et al. [1]. The firmness, consistency,
cohesiveness, and adhesivity of the attained formulations were determined using a texture
analyser (TMS-Pro, Food Technology Corporation, Sterling, VA, USA) equipped with a 50 N
load cell (Mecmesin, Sterling, VA, USA). The sample was placed in a female conic holder and
was compressed 11 mm of depth (which represented a sample deformation of around 70%); this
procedure was done twice by a male conic probe at a speed of 2 mm/s. The samples’ mechanical
parameters were determined from the force–displacement curve: the firmness corresponded to
the highest force value attained by the sample during the first compression; the consistency was
calculated by the area under the curve of the first compression; the cohesiveness was determined
through the ratio of the areas under the curve from the first and the second compressions; and
the adhesiveness was determined from the area under the curve from the negative peak attained
after the first compression [1,2].

3. Results and Discussion
3.1. Surface-Active Properties

Figure 1 shows the equilibrium surface tension as a function of FucoPol concentration.
Two distinct regions can be identified: up to around 11.5 g/L, there is a reduction of the
surface tension with increasing FucoPol concentration, while above such value the surface
tension remains constant irrespective of the biopolymer’s concentration. FucoPol’s critical
micelle concentration (CMC) was determined to be approximately 11.5 g/L, given as the
point of intersection between the two lines, which correspond to the linear regression of
each set of data points [27,28]. This value is considerably higher than those reported for
commercial polysaccharides like xanthan and guar gum (approximately 0.15 g/L and 5 g/L,
respectively) [29], suggesting a lower thermodynamic stability of the particles system [30].
Nevertheless, FucoPol reduced the surface tension of water from 72 mN/m to 54.6 mN/m
at the CMC, a value that is within the range reported for other microbial biosurfactants
(34–69 mN/m) [31–33]. Moreover, polymeric biosurfactants, despite not significantly
lowering the water’s surface tension, are generally more effective in the formation and
stabilization of emulsions [31,34].
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Figure 1. Surface tension of FucoPol solutions at concentrations ranging from 1 to 20 g/L.

3.2. Emulsion Forming and Stabilizing Capacity of FucoPol
3.2.1. Preparation of FucoPol-Stabilized Emulsions with Different Oils

FucoPol was used to prepare emulsions with four different oils commonly used in cosmetic
products’ formulations, namely, castor oil [35–38], paraffin oil [39–41], almond oil [42,43] and
olive oil [44–48]. Castor oil is a natural oil that acts as an antimicrobial, anti-inflammatory,
antioxidant, wound healing, vasoconstrictive [49] and UV-protective agent [50]. Paraffin oil is a
petroleum-based derivative that enables the regulation of viscosity in formulations, possessing
protective and lubricating properties which prevent skin dehydration [51]. Almond oil, an
abundant macro and micronutrients source, is utilized in cosmetics due to its moisturizing and
restructuring properties [42]. Olive oil, composed of squalene, phytosterol, tocopherol, vitamins
A and E, and fatty acids (oleic and linoleic acids), is indicated for skin applications due to its
acidity and soothing effect [16,39,52].

The assays consisted of mixing the biopolymer, at a concentration of 0.5 or 1.0 wt.%, with
each oil, at 2:3 or 3:2 weight ratios. As shown in Figure 2, FucoPol efficiently emulsified all the
tested hydrophobic compounds, with EI at 24 h (E24) values above 50% (Table 2), which is the
criterion for a good emulsifier [53]. For the 2:3 weight ratio, increasing the concentration of the
polymer from 0.5 wt.% to 1.0 wt.% resulted in increased E24 for all the tested oils (Table 2). For
the 3:2 weight ratio, on the other hand, this was not observed. In fact, for all tested oils, the E24
value decreased except for castor oil (E24 increased from 56 to 100%). All other oils presented
negligible emulsification (Figure 2; Table 2). For 0.5 wt.% of FucoPol, increasing the oil ratio
from 2:3 to 3:2 resulted in higher E24, except for castor oil.

Table 2. Emulsification activity measured at 24 h (E24) and emulsions’ stability (ES) for the emulsions
stabilized with FucoPol. Data are shown as the average ± standard deviation (SD) (n = 3).

Oil FucoPol
E24 (%) ES (%)

2:3 3:2 2:3 3:2

Castor oil
0.5% 70 ± 3 53 ± 4 81 ± 3 77 ± 4
1.0% 100 ± 0 100 ± 0 20 ± 0 11 ± 0

Paraffin oil
0.5% 58 ± 2 80 ± 4 87 ± 5 68 ± 6
1.0% 85 ± 2 6 ± 0 54 ± 1 78 ± 0

Almond oil
0.5% 84 ± 4 93 ± 6 50 ± 3 47 ± 6
1.0% 89 ± 0 0 ± 0 31 ± 6 0 ± 0

Olive oil
0.5% 58 ± 0 76 ± 0 85 ± 2 97 ± 0
1.0% 81 ± 1 56 ± 0 56 ± 1 100 ± 0
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Figure 2. Emulsions prepared with FucoPol (0.5 or 1.0 wt.%) with castor oil, paraffin oil, almond oil,
and olive oil, at o:w weight ratios of 2:3 and 3:2.

3.2.2. Evaluation of Emulsions’ Stability

Cosmetic applications require that the emulsions have adequate shelf-life, usually
up to six months [47,54–56]. The stability of the emulsions prepared with FucoPol was
evaluated at room temperature, by measuring their EI over a period of 720 h (30 days). As
shown in Figure 3, FucoPol emulsion stabilizing capacity depended on the o:w weight ratio,
as well as on the tested oil. All FucoPol-stabilized emulsions had no detectable changes in
odor or color during the storage period.

The least stable sample was the emulsion prepared with castor oil at an o:w weight
ratio of 3:2 and a FucoPol concentration of 1.0 wt.% (Figure 3(a.2)). This sample’s EI dropped
from 100% at 24 h to 18% at 7 days, with an overall ES of 11% (Table 2). Nevertheless, the
emulsions prepared with castor oil and 0.5 wt.% FucoPol (Figure 3(a.1,a.2)) were stable
for both o:w weight ratios, presenting ES values of 81 ± 3% and 77 ± 4%, respectively
(Table 2).

Most of the emulsions prepared with paraffin oil and almond oil also showed a signifi-
cant decrease in their EI during the 720 h shelf-life test (Figure 3(b.1–c.2)) with ES values of
0 to 54% (Table 2). Despite the lower E24 values (56–76%), the olive oil/FucoPol emulsions,
for both o:w weight ratios tested, showed higher stability (Figure 3(d.1,d.2)), corresponding
to ES values of 85–100% (Table 2). Antunes et al. [42] obtained olive oil/FucoPol emulsions
in 2:3 and 3:2 (v/v) ratios that maintained at least 50% of the initial EI for 9 weeks, which
agrees with the results reported in this study.

The results obtained in this study demonstrate that FucoPol is a promising stabilizer
for emulsions with any of the tested oils provided the adequate o:w weight ratio and
FucoPol concentration are utilized. Castor oil (at the 2:3 weight ratio, 1.0 wt.% FucoPol),
paraffin oil (at the 3:2 weight ratio, 0.5 wt.% FucoPol) and olive oil (at the 3:2 weight
ratio, 0.5 wt.% FucoPol, and at the 2:3 ratio for either 0.5 or 1.0 wt.% FucoPol) presented
high EI and were stable over the 720 h storage period. Given the good results obtained
for olive oil and its known biological properties [16,39,52], this oil was chosen for the
subsequent studies.
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Figure 3. Emulsification index (EI%) overtime for emulsions prepared with FucoPol and different
hydrophobic compounds: Castor oil (a.1,a.2), paraffin oil (b.1,b.2), almond oil (c.1,c.2) and olive oil
(d.1,d.2), for FucoPol concentrations of 0.5 wt.% (gray) and 1.0 wt.% (orange), for o:w weight ratios of
2:3 (left) and 3:2 (right). The red dashed line represents EI (%) = 50. (n = 3).

3.2.3. Assaying α-Tocopherol as an Additive to the FucoPol-Stabilized Emulsions

The effect of α-tocopherol, an antioxidant commonly used in cosmetic formulations [57,58],
on FucoPol/olive oil emulsions were evaluated by testing different concentrations of
this additive on the EI and on the emulsions’ stability. According to the risk profile of
tocopherols [59], the maximum concentration of α-tocopherol allowed in cosmetic products
is 5 wt.%. Nonetheless, the α-tocopherol concentration in the skin care cosmetics below
0.2% is sufficient to protect lipids against peroxidation [60]. Therefore, α-tocopherol at
concentrations of 2.0 and 5.0 wt.% were selected for testing as an additive in FucoPol/olive
oil emulsions.

As shown in Table 3, the addition of α-tocopherol led to an increase in the E24 values
for both FucoPol concentrations tested. Compared to the samples with no α-tocopherol
that had E24 values of 76% and 56%, for FucoPol concentrations of 0.5 and 1.0 wt.%,
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respectively (Table 3), the addition of α-tocopherol resulted in higher E24 (80–86% and
61%, respectively). However, the resulting emulsions were less stable, especially for those
prepared with 1.0 wt.% FucoPol that had overall ES of 61%, compared to 96% for the sample
with no α-tocopherol (Figure 4, Table 3). For the emulsions prepared with 0.5 wt.% FucoPol,
the ES was 82% and 90%, for 2.0 and 5.0 wt.% α-tocopherol, respectively (Table 3). Despite
the observed ES reduction, the sample containing 5.0 wt.% α-tocopherol had an ES of 90 at
720 h, identical to the sample with no additive (Table 3).

Table 3. Emulsification activity at 24 h (E24) and emulsions’ stability over a period of 720 h, for the
emulsion prepared with FucoPol, olive oil and α-tocopherol, at 3:2 (w/w) ratio. Data are shown as
the average ± standard deviation (SD) (n = 3).

Emulsifier
α-Tocopherol

(wt.%)
0.5 wt.% Emulsifier 1.0 wt.% Emulsifier

E24 (%) ES (%) E24 (%) ES (%)

FucoPol
0 76 ± 0 87 ± 3 56 ± 0 96 ± 0

2.0 86 ± 1 82 ± 1 61 ± 0 53 ± 5
5.0 80 ± 1 90 ± 1 61 ± 0 63 ± 12

Sepigel
0 0 ± 0 - 49 ± 0 100 ± 0

2.0 0 ± 0 - 0 ± 0 -
5.0 0 ± 0 - 0 ± 0 -

Figure 4. Emulsification index (EI%) over time for the FucoPol-stabilized emulsions with olive oil
and α-tocopherol, at the 3:2 ratio: FucoPol (0.5 wt.% (a); 1.0 wt.%, (b)); α-tocopherol: 0 wt.%, gray;
2.0 wt.%, green; 5.0 wt.%, blue. The red dashed line represents EI = 50%. (n = 3).

3.2.4. Comparison with Sepigel® 305

The commercial emulsifier agent Sepigel® 305 (also known as Farcosgel) was used to
prepare emulsions with olive oil (o:w weight ratio of 3:2), with and without α-tocopherol,
and the results were compared to those of FucoPol’s emulsions (Table 3). Sepigel® 305 is a
synthetic hydrophilic polymer used in cosmetics to provide increased viscosity and stability to
the formulation [61]. Sepigel® 305 is composed by a blend of polyacrylamide (10–20%), C13–14
Isoparaffin (1–5%), and Laureth-7 (1–5%). In its composition, each compound presents a specific
function: the pre-neutralized polyacrylamide polymer is contained within an emulsion, where
isoparaffin forms an oily phase and laureth-7 acts as a surfactant [61–63]. The comparison
between Sepigel® 305 and FucoPol aims to discuss the possibility to replace a widely used
chemical agent with a naturally produced polymer in cosmetic formulations. Interestingly,
no emulsification was observed for the 0.5 wt.% Sepigel® samples and an EI of 49 ± 0% was
obtained for 1.0 wt.%, which was, nevertheless, stable for the 720 h shelf-life periods assay. The
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addition of α-tocopherol had a negative impact, and no emulsification was observed for any
additive concentration. According to Anchisi et al. [56], Sepigel® 305 at concentrations of 1.5–7%,
with an oil phase consisting mainly of a fluid oil, resulted in good emulsification for O/W
skin creams. Other studies have reported the development of stable emulsions containing this
polymer at concentrations higher than 2 wt.% [61–64]. At lower concentrations (<1.5 wt.%), the
synthetic hydrophilic polymer was able to stabilize O/W formulations only with the addition
of different emulsifying ingredients and emulsion stabilizers [65,66]. These results show the
ability of the natural polymer FucoPol to emulsify without the addition of other agents at low
concentrations, which becomes an advantage compared to the synthetic polymer Sepigel® 305.

3.3. Emulsification Optimization by Response Surface Methodology
3.3.1. Response Analysis

Table 4 shows the data for the 17 runs of the CCD. Results show that the emulsification
after 24 h ranged from 0.0 to 97.8%. Good emulsification index (E24 > 95%) was obtained
in runs 1, 5, 11, 12, 14, 16 and 17, for which FucoPol concentration was 0.8–1.3 wt.%, and
the olive oil content was 20–30 wt.%, irrespective of the α-tocopherol content that varied
from 0–5 wt.%. These results suggest that α-tocopherol concentration has little effect on
the E24. Outside those FucoPol and olive oil concentration ranges, E24 of 30.4–78.3% were
attained. As expected, no emulsification was obtained in run 15 due to the absence of the
bioemulsifier. Moreover, there was also no emulsification for runs 2, 6 and 10.

Table 4. Central composite design (CCD) with studied variables (A: FucoPol, B: Olive oil, C: α-
tocopherol), experiment and theoretically predicted values E24.

Run
FucoPol, A

(wt.%)
Olive Oil, B

(wt.%)
α-Tocopherol, C

(wt.%)
E24 (%)

Actual Value Predicted Value

1 0.8 30 2.5 97.8 97.1
2 1.6 30 2.5 0.0 3.0
3 0.3 20 4.0 30.4 26.8
4 0.8 46.8 2.5 78.3 57.3
5 0.8 30 0.0 95.7 100
6 1.3 40 4.0 0.0 19.5
7 0.3 20 1.0 76.1 56.6
8 0.3 40 4.0 69.6 72.7
9 0.8 13.2 2.5 73.9 95.0
10 1.3 40 1.0 0.0 3.6
11 0.8 30 5.0 95.7 90.0
12 0.8 30 2.5 97.7 97.1
13 0.3 40 1.0 69.6 78.7
14 0.8 30 2.5 97.6 97.1
15 0.0 30 2.5 0.0 15.3
16 1.3 20 4.0 95.6 87.0
17 1.3 20 1.0 97.8 94.6

E24 predicted value = 97.07− 3.82A− 11.24B− 3.5C− 28.26AB + 5.43AC + 5.98BC− 34.31A2− 7.41B2− 0.4880C2.

3.3.2. RSM Modelling

RSM methodology was used to evaluate the effect of each ingredient (FucoPol, olive oil
and α-tocopherol) on the E24 of the emulsions, as well as the combined effect of the variables.
ANOVA was used to define the working ranges for each variable resulting in the highest E24
values. The statistical analysis (Table 5) shows that the proposed model was adequate [67].
The quadratic model was found to be significant (f -value = 18.51 and p-value = 0.001), and it
was supported by an insignificant lack-of-fit (p = 0.634) toward the response (E24). There is
only 0.10% chance that a “Model F-Value” could occur due to noise, meaning that the greater
f -value from unity explains adequately the variation of the data around its mean; in addition,
the estimated factor effects are real [68,69]. The R2 (0.965) was in reasonable agreement with
the adjusted R2 (0.913). The adjusted coefficient of determination indicated that 91.31% of the
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variability in the response could be explained by the model. Hence, the quadratic model is
an accurate representation of the actual relationships between the response and the variables.
The observed precision of 12.19 indicates an adequate signal (ratio > 4 is desirable). The
statistical analysis indicates that the proposed model was adequate to predict the ingredients’
concentrations to obtain stable emulsions (E24 > 50%) [53].

Table 5. ANOVA for response surface quadratic model. (SS)—Sum of Squares shows the variance of
values; (MS)—Mean Square is the arithmetic mean of the squared differences; p-value < 0.05 indicate
model terms are significant.

Source SS MS f -Value p-Value Significance

Model 24,439.63 2715.51 18.51 0.001 Significant
A: FucoPol 199.37 199.37 1.360 0.287
B: Olive oil 2854.49 2854.49 19.46 0.004

C: α-tocopherol 167.58 167.58 1.140 0.326
AB 6390.15 6390.15 43.56 0.001
AC 236.31 236.31 1.610 0.251
BC 286.08 286.08 1.950 0.212
A2 14,317.43 14,317.43 97.60 0.0001
B2 0.0002 0.0002 1.4 × 10−6 0.999
C2 72.96 72.96 0.497 0.507

Lack of Fit 582.37 145.59 0.766 0.634 Not significant
R2 0.965

R2 adjusted 0.913
R2 predicted 0.622

Adequate precision 12.19

The response of the RSM was shown as three-dimensional surface graphs (Figure 5,
and contour plots resulting in an infinite number of combinations of the FucoPol, olive oil,
and α-tocopherol. The result suggests that FucoPol concentrations between 0.8–1.3 wt.%
and olive oil concentrations between 20–30 wt.% reach E24 values above 95.6%. Moreover,
α-tocopherol does not appear to influence the E24 value (Figure 5). Figure 5a shows
an inversely proportional interaction between FucoPol and olive oil, whereby E24 value
increases with the increase in FucoPol concentration and decrease in olive oil concentration.
Figure 5b corroborates the observed inverse proportionality between FucoPol and olive oil
concentrations. Lastly, Figure 5c shows higher E24 values for olive oil between 25–30 wt.%.

Figure 5. Three-dimensional response surface plot showing the interactive effects of different compo-
nents on the O/W emulsion. (a) FucoPol and Olive oil (wt.%) with α-tocopherol fixed at 2.5 wt.%,
(b) FucoPol and α-tocopherol (wt.%) with olive oil fixed at 30 wt.%, (c) olive oil and and α-tocopherol
(wt.%) with FucoPol fixed at 0.8 wt.%.
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Based on Figure 5, increasing the concentration of FucoPol resulted in emulsions
more stable against coalescence, avoiding emulsion phase separation [70]. This is due
to FucoPol’s ability to allow a specific texture (of increased viscosity) to the formulation
and to decrease elasticity-driven creaming of the droplets [3]. FucoPol concentration and
olive oil concentration have inversely proportional effects, as shown by the p-value < 0.05
(Table 5). In this case, linear (B), interaction (AB) and quadratic (A2) are significant model
terms on E24 including a positive linear effect (p = 0.004) of olive oil and a quadratic effect
(p = 0.0001) of FucoPol, interacting with himself on the response [67]. This result agrees
with results obtained for bacterial cellulose, in which emulsions became more stable as the
concentration increased, reaching 1 wt.% [71]. In contrast, for xanthan gum concentrations
of 0.12% and 0.2%, emulsions became more stable with 50 wt.% of oil [72–74].

Based on the results obtained in the CCD, two FucoPol-stabilized emulsions were
prepared: F1 that comprised 1.0 wt.% FucoPol, 25 wt.% olive oil and 0.5 wt.% α-tocopherol;
and F2 that comprised 0.7 wt.% FucoPol, 25 wt.% olive oil and 2.0 wt.% α-tocopherol. F1
and F2 yielded E24 values of 98.0 ± 0.40% and 84.7 ± 0.0%, respectively.

3.4. Characterization of the FucoPol-Stabilized Emulsions
3.4.1. Type of Emulsion

The microscopic observation (Figure 6a) of the emulsions showed compartmentalized
structures characteristic of O/W emulsions, consisting of dispersed oil droplets in the
aqueous phase [75,76]. Furthermore, in the emulsion determination test (Figure 6b), the
emulsions’ droplets rapidly dispersed on the filter paper, thus confirming their O/W
nature [22,77,78]. O/W emulsions represent nearly 65% of the total emulsified products
available in the cosmetic industry market due to their sensorial properties [79,80] and
are present in several products such as creams and lotions [80,81]. W/O emulsions are
commonly used in waterproof products by providing higher hydration to emulsions [80].
However, these emulsions usually are responsible for an oily sensation on the skin, which
enhances the consumer preference for O/W emulsified products [82].

Figure 6. (a) Optical microscopic (40×) images of F1 (A) and F2 (B) emulsions; contrast phase and
fluorescence after Nile Blue A staining (A1, B1, respectively); (b) emulsion determination test by filter
paper wetting.

3.4.2. Viscolelastic Properties

As shown in Figure 7a, both samples presented a shear-thinning behaviour, as the
viscosity progressively decreased under increasing shear rates, in agreement with previous
studies that reported the same behaviour for FucoPol/olive oil emulsions [16]. This effect is
observed when a spherical shape is detangled by polymer chains and the droplets begin to
deform, forming an ellipsoidal shape. Moreover, layer formation, due to aggregate breaking
into elemental constituents, is concurring with the shear plane, decreasing the overall flow
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resistance [1,2,83,84]. This shear-thinning behaviour was observed for emulsions stabilized
by other polysaccharides, such as xanthan gum and guar gum [83,85]. Nevertheless,
slight differences are noticed between samples, namely, a lower apparent viscosity for the
emulsion F2 (Figure 7a, triangles) compared to emulsion F1 (Figure 7a, circles), which was
probably due to the lower polymer concentration in F2. FucoPol increased viscosity in the
water phase leads to decreased droplets’ mobility and collision numbers, which can explain
the observed behaviour [86].

Figure 7. Rheological profile analysis of FucoPol formulations F1 (circles) and F2 (triangles): (a) vis-
cosity curves as a function of the shear rate, flow curves fitted with Cross model (n = 3); (b) elastic G’
(closed) and viscous G” (open) moduli in the function of frequency.

A non-Newtonian mathematical model, the Cross model, was fitted to the experimen-
tal results (Figure 7a) with the resulting parameters given in Table 6. The highest η0 value
was observed for emulsion F1 (13.92 ± 2.36 Pa.s), but the τ fitting parameter was similar
for both emulsions. The emulsions had an identical degree of shear-thinning as shown by
the similar values of m (0.74 ± 0.00 and 0.68 ± 0.01) [87].

Table 6. Cross model parameters estimated for formulations samples: η0—apparent viscosity of the
second Newtonian plateau (Pa·s); τ—relaxation time (s); m—dimensionless constant; Data are shown
as the average ± standard deviation (SD) (n = 3); and textural parameters.

Emulsion
Cross Model Parameters Textural Parameters

η0
(Pa.s)

τ
(s) m Firmness

(N)
Consistency

(mJ)
Adhesiveness

(mJ) Cohesiveness

F1 13.92 ± 2.36 1.64 ± 0.13 0.74 ± 0.00 0.074 0.088 0.156 0.748
F2 7.59 ± 0.04 1.72 ± 0.04 0.68 ± 0.01 0.074 0.055 0.129 0.688

RE = ∑n
i=1(|xeI–, i− xcalc, i|/xexp)/n is between 0.011 and 0.019.

The mechanical spectra (Figure 7b) of the two FucoPol-stabilized emulsions showed higher
loss modulus (G′′) than storage modulus (G′), indicating a liquid-like behaviour [16], with
FucoPol viscosity being the dominant property influencing the emulsions’ stability [54,88]. The
mechanical spectra for the two emulsions are quite similar, with G′′ increasing at a higher
rate than G′, with the crossover of dynamic moduli being perceived at a lower frequency
(0.6 Hz) for emulsion F1 than for emulsion F2 (1.6 Hz). This indicates that, for emulsion F1,
higher viscosity translates into lower energy storage threshold, featuring a G′ G′′ crossover
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at a lower frequency [16,89]. After the crossover point, increasing the frequency displays a
solid-like behaviour for both emulsions (G′ > G′′) [54,90].

3.4.3. Textural Assessment

As shown in Table 6, the FucoPol-stabilized emulsions F1 and F2 had the same firmness
(0.074 N) when perforated 11 mm with a conic probe. The consistency of emulsion F1
was 0.088 mJ, while that of sample F2 was 0.055 mJ. Studies showed that the firmness and
energy required to deform a sample are related to the sample’s spreadability: high firmness
and consistency values indicate a less spreadable sample, whilst lower consistency and
firmness values indicate a more spreadable sample [1,2]. Hence, these results show that both
samples are very spreadable, presenting low firmness and consistency values. Moreover,
emulsion F2 was more spreadable than sample F1 (Table 6). The spreadability (skin cover
capacity over time) is crucial in cosmetic emulsion development being a decisive factor
for consumers’ approval of products [91]. While both samples showed some adhesivity,
emulsion F1 (0.156 mJ) seemed to be more adhesive than F2 (0.129 mJ). When a formulation
is spread, verifying the material’s uniform scattering throughout the applied surface is
pivotal to avoid the active substance’s accumulation or dissipation and to insure the correct
utilization of the formulation [1,2]. Therefore, the cohesiveness was also an important
parameter to be observed. Given this, emulsion F1 (0.748) is more cohesive than emulsion F2
(0.688), which concludes that sample F1 has higher firmness, adhesiveness and cohesiveness
but is less spreadable than sample F2. These results are concordant with η0 (Pa.s) values
(Table 6), where emulsion F1 exhibited higher apparent viscosity (13.92 ± 2.36 Pa.s) than
F2 (7.59 ± 0.04 Pa.s).

3.4.4. Comparative Analysis of the FucoPol-Stabilized Emulsions

F2 emulsion had a slightly higher spreadability value [91], a feature of interest for
cosmetic and pharmaceutical applications. Furthermore, at high shear rates (e.g., 1000 s−1,
which is representative of a skin spreading process [91]), both F1 and F2 emulsions dis-
played analogous viscosity (0.05 Pa.s and 0.04 Pa.s, respectively). Such characteristics are
found in lotions or light creams [80,82], thus confirming the potential of FucoPol for the
development of skin care cosmetic products.

4. Conclusions

This study demonstrated the ability of the bacterial polysaccharide FucoPol to emul-
sify olive oil and α-tocopherol, outperforming the commercial emulsifier Sepigel®. The
resulting O/W emulsions had good viscosity and spreadability, which substantiates its
relevance in the development of cosmetic applications. The emulsion textural properties
can be modulated by using different FucoPol and α-tocopherol contents, thus yielding
formulations suitable for use in different skin-care products. The intrinsic antioxidant
capacity of FucoPol adds to that of α-tocopherol, which, together with FucoPol’s wound-
healing ability, render this natural polysaccharide as a valuable biomaterial for cosmetic
formulations’ development.
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Abstract: Polyethylene and Polyester materials are resistant to degradation and a significant source
of microplastics pollution, which is an emerging concern. In the present study, the potential of a
dumped site bacterial community was evaluated. After primary screening, it was observed that 68.5%
were linear low-density polyethylene, 33.3% were high-density, and 12.9% were Polyester degraders.
Five strains were chosen for secondary screening, in which they were monitored by FTIR, SEM
and weight loss degradation trials. Major results were observed for Alcaligenes faecalis (MK517568)
and Bacillus cereus (MK517567), as they showed the highest degradation activity. Alcaligenes faecalis
(MK517568) degrades LLDPE by 3.5%, HDPE by 5.8% and Polyester by 17.3%. Bacillus cereus
(MK517567) is better tolerated at 30 ◦C and degrades Polyester by 29%. Changes in infrared spectra
indicated degradation pathways of different strains depending on the types of plastics targeted.
Through SEM analysis, groves, piths and holes were observed on the surface. These findings suggest
that soil bacteria develop an effective mechanism for degradation of microplastics and beads that
enables them to utilize plastics as a source of energy without the need for pre-treatments, which
highlights the importance of these soil bacteria for the future of effective plastic waste management
in a soil environment.

Keywords: micro-pollutants; landfill; soil biota; polyethylene; polyester

1. Introduction

After their development over the last hundred years, plastics have been utilized
in numerous ways, and are associated with every part of our lives [1]. Regardless of
their benefits, issues identified with their wide application cannot be ignored. Most of
these plastics are resistant and remain in the earth for generations [2]. According to
recent information, worldwide plastic production reached 360 million tons in 2018. Asia
is the biggest maker and consumer of the world’s plastics. Among worldwide plastic
producers, China is the largest (30%), trailed by Europe (17%), and in total 18% are from
Canada, Mexico and US [3]. It is appropriate to specify that petrochemical plastics account
for over 80% of overall plastic use. For instance, polyethylene terephthalate, polyester,
polyethylene, polypropylene, polystyrene, and polyvinyl chloride are the most commonly
utilized plastics [4]. Various strategies utilized for plastic waste management are dumping
in a garbage lot, burning and reusing. Each of these techniques has its disadvantages; for
example, plastics when burnt or incorporated into landfills utilize sources of land, which
causes pollution, and limited natural resources are wasted. Currently, limited quantities are
reused and this causes a hindrance to the idea of the circular economy; only 9% of plastic
has been recycled from the total production of 8.3 bn metric tons since the 1950s [5,6]. It has
also been reported that in 1990 Coca-Cola promised to use 25% recycled plastic by 2015,
but in 2020 only 11.5% had been recycled [7].
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Among the plastics which currently exist, fragmented particles have gained atten-
tion and are even more troubling. These are characterized as microplastics (1 µm–5 mm)
based on their diverse range [8,9]. Due to the smaller size and wide dispersion of these
fragments, it is hard to gather them and remove them subsequently from the environment.
In the same way, the speed at which they enter nature outstrips their clearance speed [10].
Besides, microplastics are found in potable water, whichmay become a danger to well-
being [11]. Polyethylene is a generally utilized type of plastic because of its conveyance
ability. Nonetheless, because of its saturated linear hydrocarbon chains, and because it
can be communicated as -[CH2-CH2], PE items are hard to be corrupted by nature [12]. A
feasible way-out of this problem is conversion of plastics by microbes. Microbes that have
the potential to degrade plastics belong mostly to the phyla Proteobacteria, Firmicutes and
Actinobacteria, and most were screened from polluted dumpsites. Studies should concen-
trate on biodegradation of microplastics focusing on the most well-known contaminants
such as polyethylene [13].

Microbial assisted deterioration of polymers by bacteria and fungi has been effectively
researched in indigenous habitats, such as soil. For example, Bacillus sp., Rhodococcus
sp. [14], Pseudomonas aeruginosa [15], Zalerionmaritimum [16], and Aspergillus clavatus [17]
can utilize plastic polymers as their energy source in cultivation media, therefore causing a
decrease in the dry weight of polymers and inciting physical–chemical alterations which
include modifications in surface morphologies. Subsequently these microbes form cracks
and rough surfaces and produce chemical bonding structures, such as carbonyl groups,
ketones and aldehydes [18]. Microorganisms can break down the polymers in two phases,
firstly inside them, and then becoming enzymatically dissimilated in order to discharge
extracellular proteins, causing chain cleavage in the monomer, which can be used by mi-
croorganisms [14]. Microbial species have the ability to change polymers into monomers
and, additionally, to dissimilate into carbon dioxide and water. The biodegradation accom-
plished by microbes is related key characteristic such as the atomic weight and crystallinity
of the polymers [19–21].

The aim of the present study is to evaluate the potential of locally isolated strains to
degrade plastics with different chemical compositions based on their petrochemical origin.
Alcaligenes faecalis, Bacillus spp. and Staphylococcus sp. were isolated from dumps in Multan,
with affinity for LLDPE, HDPE and Polyester and with a considerately faster decay rate
which is globally needed, especially in developing countries.

2. Material and Methods
2.1. Polyethylene and Polyester Used in the Current Study

Plastic beads and powders of Linear low-density polyethylene, high-density polyethy-
lene and aromatic Polyester used in the current study were provided by Mehran Plastic
Industries Pvt Limited, Karachi, Pakistan. LLDPE, HDPE and polyester (HOROH) and
terephthalic acid (p–HOOC–C6H4COOH) were in the form of fine powders with 99.5%
purity. Beads were sterilized, followed by washing with 70% ethanol and drying with filter
paper to make them ready-to-use in experimentation.

In this study, biodegradation of microplastics and beads was carried out by soil biota.

2.2. Isolation, Identification, and Screening of Bacterial Isolates

Samples of soil (5 g) were collected from different municipal dumpsites in Multan
which are heavily contaminated with various plastic waste, in commercial areas. These
specified areas were chosen since they had been used as a plastic dump site for a very long
time, expanding the likelihood of finding bacteria that has the ability to degrade plastics.
By using a conventional serial dilution method, 50 µL from 10−6 dilution was spread on
a nutrient agar (Sigma Aldrich, Saint Louis, MO, USA) plate infused with 1% of plastic
powder for the isolation of plastic degrading bacteria, and for each type of given plastic this
procedure was repeated. After 15 days of incubation at 37 ◦C, bacteria with distinct zones
were selected and sub-cultured for further characterization [10]. Based on morphological
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characterization of the bacterial colony after primary screening, Gram-stained slides were
observed under light microscope at 40× and 100× for identification. Figure 1 graphically
explains the research framework.
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Secondary screening of isolates was performed by both static and shaking methods
using mineral salt medium previously used by Osman et al. [22] supplemented with 5%
polyethylene (LLDPE and HDPE) and polyester powder. Isolation of plastic degrading
bacteria was verified by streaking the bacteria on 5% concentration solid media, and
diameter of zone was observed after 15 days of incubation at 37 ◦C, while shaking technique
involved biodegradation assay and liquid media. After secondary screening, molecular
identification was\performed by amplification of 16S rRNA gene by using primers 785F 5′

(GGA TTA GAT ACC CTG GTA) 3′, 27F 5′ (AGA GTT TGA TCM TGG CTC AG) 3 from the
Macrogen sequencing system. Sequences were analyzed utilizing the BLAST tool from the
National Centre for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/
accessed on 25 May 2022) against reference 16S rRNA sequences of type strains and
submitted to GenBank. To construct consensus, neighbor joining tree phylogenetic analysis
was carried out by using Molecular Evolutionary Genetics Analysis (MEGA) version 7
software (Pennsylvania State University, State College, PA, USA) [23].

2.3. Rate of Deterioration by Weight Loss Strategy and the Impact of Temperature and pH on
Weight of Plastic

Isolates showing zone of clearance in static secondary screening were further assessed
in the degradation study. Each isolate was separately inoculated in flasks containing
20 mL of minimal medium and beads of Polyethylene (LLDPE and HDPE) and Polyester,
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separately. The biodegradation study was implemented for a period of 40 days. Analysis
was caried out by weight reduction using the following formula [24].

Weight loss % = initial weight − final weight/initial weight × 100 (1)

Biodegradation study of LLDPE, HDPE and Polyester was performed at different
temperature and pH conditions in order to optimize the isolated bacterial cultures in
different environmental conditions, for future study. The range of temperature used was
30–45 ◦C, and the pH was maintained at 4.0 and 8.0 scale. The weight of plastic beads was
recorded earlier. Optimization of isolates was carried out for 15 days [25].

2.4. Formulation of Microbial Consortia and Determination of Weight Loss for the Mixture of
Plastic Pellets in Local Natural Conditions

An acclimated consortium capable of degrading polyester, high-density and linear
low-density polyethylene pellets was developed in the laboratory. A 500 mL flask with
nutrient broth (Sigma Aldrich, Saint Louis, MO, USA) inoculated with Alcaligenes faecalis,
Streptococcus sp. and three types of Bacillus spp. was utilized for the degradation experiment.
Subsequently, the consortium was cultured, until lag phase was developed, for 6 days. A
control was set up containing just broth and beads of LLDPE, HDPE and polyester [26],
to examine biodegradation of LLDPE, HDPE and Polyester in off-site conditions. The
biodegradation of commercially available plastic beads under the attack of bacteria was
studied using the soil burial method for an interval of three months. Pre-weighted beads
were washed with 70% ethanol and added to soil. Sterilized pellets were added to soil
along with nutrient broth and inoculum. Soil selected was clay loam with pH 8.0. The
experiment proceeded from March to May, so temperature variations (23 ◦C to 45 ◦C) could
be noted.

2.5. Analysis of Plastic Beads Degradation by Sturm Test

Plastic degrading bacteria can break down the long chains of polymers into monomers
by their different activities, either by oxidation or enzymatic hydrolysis. CO2 evolved as
a result of mineralization of plastics in aerobic conditions. Evolution of CO2 by bacterial
isolates can be assessed by Sturm test applied in a modified way. Pre-weighted beads
of LLDPE, HDPE and Polyester were added to a flask containing 5 mL of MSM broth,
and then 1 mL of KOH (1M) was added. This was inoculated with 24 h old culture and
incubated in a rotatory incubator for 25 days. Aerobic conditions were maintained in the
rotatory incubator. After 25 days of incubation, the amount of carbon dioxidegenerated
was calculated in the test and in the control. CO2 produced as a result of mineralization
was trapped in a flask containing KOH. Barium chloride solution Bacl2 (1M) was added to
this flask, and as a result barium carbonate precipitates formed. Precipitates were filtered
on filter paper and dried at 50 ◦C in an oven for an hour. The weight of the precipitates
indicates CO2 generation by test organism as their end product [27].

2.6. Surface Modification Analysis of Plastic Beads by Scanning Electron Microscopy

Degraded beads of aromatic polyester, and linear-low density and high-density
polyethylene were set up on an aluminum-disk with a width of 1.2 cm using double
sidedblack colored carbon tape. Sputtering of samples with a thin layer of gold in a vacuum
chamber was performed using argon gas and an electric current of approximately 3 mA.
Then labelled tests pellets were placed sequentially in the scanning electron microscope
chamber and magnification was set to display images at 500×, 1000× and 10,000× with a
TESCAN MERA 3 field emission scanning electron microscope [28].

2.7. Structural Changes in Plastic Beads—Analysisby Fourier Transform Infrared Spectroscopy

The LLDPE, HDPE and Polyester beads treated with isolated bacteria for 40 days
were examined by FTIR. Background noise was eliminated by performing a blank scan in
the frequency range of 4000 to 600 cm−1. Thus, the samples were scanned in the region
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of 400–4000 cm−1 at a resolution of 4 cm−1. The resultant spectrum included a plot of
rate transmittance versus wave number, which was additionally investigated against the
respective comparative controls [29].

3. Results
3.1. Isolation and Screening of Bacteria with Potential to Degrade Microplastics of LLDPE, HDPE
and Polyester

In the present study, isolation of effective polyethylene (LLDPE, HDPE) and aromatic
polyester with degrading bacteria from municipal landfill soil was carried out. The dump
sites’ soil samples were collected from the historic Daulat gate of the city, Northern By-
pass, Sher-shah Road and Shujabad Road. Morphologically distinct isolates were used to
determine the ability to use plastic as carbon source. The experiments were conducted
over a screening series. Primary screening led to the isolation of 54 bacterial isolates. Out
of 54 isolates, 37 were considered as linear low-density polyethylene degraders (68.5%),
18 isolates were high-density polyethylene degraders (33.3%) and seven isolates were
polyester microfiber degraders (12.9%) as shown in Figure 2. Out of 54 isolates, bacterial
isolates which show distinct growth and zone were streaked on 5% concentration of each
given type of microplastic and observed after the formation of clear zones. Alcaligenes
faecalis (SA-5) shows a zone of clearance with 3 mm for polyester microfibers and 1 mm
for LLDPE. Bacillus cereus (SA-68) shows a 6 mm diameter for LLDPE and a 2 mm for
HDPE. Bacillus spp. (SB-14) shows a 4 mm diameter for LLDPE and a 0.25 mm for polyester
microfibers. Another Bacillus spp. (SC-9) shows a 1.5 mm diameter for HDPE and a 3 mm
for LLDPE microplastics. Streptococcus spp. (SC-56) shows a 5 mm zone diameter for
LLDPE and a 0.5 mm diameter for HDPE microplastics. These five isolates show prominent
zones and were tested further for biodegradation assay.
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Figure 2. (a,b) showing growth of bacterial colonies on LLDPE and HDPE with clear zones,
(c,d) showing growth of bacterial isolates on LLDPE and Polyester.
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3.2. Assessment of the Polyethylene (LLDPE and HDPE) and Polyester Deteriorating Bacteria
Based on Weight Loss Percentagein Ex-Situ and Laboratory Conditions

The degradation was determined by calculating the percentage of weight loss in
polyethylene and polyester beads by isolated bacteria after 40 days of incubation. Linear
low-density polyethylene degraded by SA-5 (Alcaligenes faecalis) (MK517568), SA-68 (Bacil-
lus cereus) (MK517567), Bacillus sp. (SB-14 and SC-9) and Streptococcus spp. (SC-56) by 3.5%,
15%, 11.8%, 4.8% and 9.8%, respectively. High density polyethylene was degraded by SA-5
(Alcaligenes faecalis) (MK517568) Bacillus sp. (SB-14 and SC-9) and Streptococcus spp. (SC-56)
by 5.8%, 11.7%, 3.8% and 13.7%, respectively. Polyester was degraded by SA-5 Alcaligenes
faecalis (MK517568), Bacillus sp. (SB-14 and SC-9) by 17.3%, 9.4% and 5.8%, respectively.
Difference between initial and final weight indicates the significant extent of polyethylene
and polyester utilization by the bacteria, as shown in Figure 3. Replicates were used to gain
statistical confidence as standard deviation was used, while control (no bacteria) showed
zero percentage of degradation, and beads were floating in the media. In the treatment
flasks, beads had settled down due to bacterial action.
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Figure 3. Significant weight reduction in plastic by bacteria—results shown by potential isolates.

After the biodegradation assay, bacteria were optimized. After 15 days of incubation
with continuous shaking, maximum percentage reduction in weight or percentage loss
in weight (% WL) of the polyester beads was recorded with Bacillus cereus (MK517567)
(29.4 ± 0.05) at 30 ◦C, as the highest weight loss during the experiment. Alcaligenes faecalis
(SA-5) revealed 6.6% polyester-degradation at 45 ◦C. Polyester degradation was carried
out at 30 ◦C as well as at 45 ◦C by both isolates (SA-5 and SA-68), respectively. In addition,
3.5% high density polyethylene degradation was recorded by Alcaligenes faecalis (SA-5), and
Bacillus cereus (SA-68) showed (6.6 ± 0.02) for HDPE. At 30 ◦C the highest weight loss was
observed by Bacillus cereus (SA-68) for polyester, along with (8.0 ± 0.02) for LLDPE. Bacillus
spp. (SB-14 and SC-9) and Streptococcus sp. did not showvery promising results in changing
environmental conditions. SA-5 and SA-68 were considered as promising degraders and
were identified by sequencing.

116



Polymers 2022, 14, 2275

3.3. Determination of Weight Loss in Local Natural Conditions by Consortium

The percentage of weight loss in natural conditions was 4.3 ± 0.02, 4.8 ± 0.02 and
2.7 ± 0.02 for LLDPE, HDPE and polyester beads after 90 days of incubation, respectively.
The weight loss percentage of plastics strips was 4.8 ± 0.02 and 4.9 ± 0.02 for LLDPE and
HDPE after 90 days of incubation, respectively. At the end of incubation, plastic strips
were easy targets for bacteria compared to beads, and the possible reason for this may
be that bacterial strain utilized the released C compounds from plastic strips during the
degradation. It is suggested that the result with this type of method was observed for the
first time in this region, and will help in the degradation of plastic strips under different
environmental conditions.

3.4. Characterization and Molecular Identification

The morphological characteristics of the bacterial isolates were identified by conven-
tional methods. Gram staining of bacterial isolates show that they are Gram-positive rods
and cocci. Growth on nutrient media with small, circular, flat, white colored, opaque or
translucent colonies with smooth edges was observed on the plates. Biochemical testing
revealed that isolates are catalase, indole and MRVP negative, while positive for starch
hydrolysis. SB-14 gives a yellow butt and red slant with gas production. Based on the 16S
rRNA gene sequencing and biochemical characterization, the bacteria isolated from the site
mainly belonged to Bacilli from Bacillus cereus and Alcaligenes. As inferred by 16S rRNA
gene analysis, strain SA-68, showed 99% similarity with corresponding gene sequences
of reference strains Bacillus cereus SBMWI and strain SA-5 showed 100% similarity with
Alcaligenes sp. (KX164437.1), respectively. Phylogenetic trees (Figures 4 and 5) showed that
the strain was clustered on separate branches, with reference strains belonging to respective
genera. The GenBank nucleotide accession numbers were assigned to strain Bacillus cereus
SA-68 is MK517567, respectively. Query sequence was designated as Alcaligenes faecalis
with GenBank accession no. MK517568.
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3.5. Degradation of Plastic Beads Confirmed by CO2 Production in Sturm Test

Carbon dioxide, evolved as a result of deterioration of polyethylene (LLDPE, HDPE)
and polyester by Alcaligenes faecalis (SA-5), Bacillus cereus (SA-68), Bacillus spp. (SB-14
and SC-9) Streptococcus sp. (SC-56), was trapped and compared to the amount evolved
in the case of biotic control under similar conditions. Evolved carbon dioxide calculated
from media inoculated was 0.602 g, 0.427, 0.723, 0.524 and 0.205 g/5 mL CO2 g−1 of C,
respectively, while the control flask indicated no precipitates.
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3.6. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The changes in spectral peaks due to biodegradation were determined using a FTIR
(ATR-alpha Bruker) spectrophotometer. The degradation of linear-low density and high-
density polyethylene and aromatic polyester was confirmed by the changes in spectra
of the FTIR analysis. The pellets without any treatment served as control, and pellets
of LLDPE, HDPE and Polyester treated with isolated Alcaligenes faecalis, Bacillus sp. and
Streptococcus spp. in MSM broth acted as test. In the case of LLDPE, the results of this study
demonstrated that LLDPE pellets showed four peaks in the range from 2900 to 715 cm−1,
at 2913.92, 2846.83, 1462.50 and 718.05. The vibrational mood of peaks was observed in
comparison with control, and when LLDPE pellets were treated with Alcaligenes faecalis
(SA-5), they showed more vibrational shifts than with Bacillus spp. (SC-9). The first peak
shifted to 2913.83 cm−1 which indicates the C–H stretching of the methyl group, the second
peak shifted to 2846.50 cm−1 which indicates the C–H symmetric and asymmetric stretching
of methylene (C–H2), the third peak shifted to 1462.05 cm−1 which indicates the C=C and
replacement of carbonyl bond with amine bond, and the fourth peak shifted to 718.23 cm−1

which indicates the –C=C– stretching and the presence of alkene group as shown in Table 1.
For HDPE, the spectral peaks were observed from 2900 to 715 cm−1 when treated with
bacterial isolates. The four peaks were observed from control of HDPE at 2913.94 (C–H
stretching–CH3), 2846.58(CH stretching–CH2), 1461.42(bending C–H bond of methylene)
and 718.23 cm−1 (C–O). In case of treatments with bacterial isolates, the wave number
of spectral peaks showed shifts up to 2914.37 cm−1 which indicates the vibrations in the
stretching of C=C bond seen in alkanes. The second peak showed shifts to 2846.70 cm−1

which indicates the stretching of C–H bonds in methylene, and the absorbance range of
3000–2800 cm−1 corresponds to C–H stretching and the presence of alkanes. The third peak
shifted to 1461.76 cm−1 which indicates the –CH2 stretching and presence of aromatics,
and the band around it also corresponds to bending deformation. The fourth peak shifted
to 717.82 cm−1 which indicates the rocking deformation of bonds. For Polyester, two
treatments were given for SA-5 and SC-9. as both were showed biodegradation for polyester
along with other treatments. The nine spectral peaks were observed in control of polyester
at 2024.83 (C–H), 1709.16 (Carbonyl group), 1409.10 (C=C), 1339.65 (CH3), 1241.02 (Ar-O-R),
1097.75 (C–O), 1017.93 (C–O), 871.00 (Aromatic ring) and 720.01 cm−1 (Mono-substituted
aromatic ring). With treatment, the peak shifted to 1710.84 cm−1 which indicates a change
the carbonyl group’s polyester component and thus the cleavage of the ester bond. The
other peak shifted to 1408.45 cm−1 which indicates the decrease in intensity of band leads to
bond cleavage of C=C. The other band shifted to 1340.04 which indicates CH3 symmetrical
bending. The fourth peak shifted to 1238.19 which indicates the asymmetrical bending of
Ar–O–R. The fifth peak shifted to1088.58 which indicates the bond cleavage of C–O, and
1017.93 (control) shifted to 1016.01 which indicates the bond cleavage of C–O. The peak
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871.00 (control) shifted to 870.14 which indicates the aromatic ring bend out of plane and
the peak 720.01 (control) shifted to 719.4 which indicates the stretch of monosubstituted
ring. The first peak, which disappeared after treatment with SA-5, indicates that cleavage
of C–H bond occurred which shows the formation of new intermediate products, as shown
in Figure 6.

Table 1. FTIR peaks corresponding to vibrational moods and functional groups of LLDPE and HDPE.

Spectral Peaks Shift in LLDPE

Peak Number 1 2 3 4

Frequency (cm−1) 2913.83 2846.50 1462.05 718.23

Vibrational mood
& Functional

Group

C–H stretching
of methyl

group

C–H symmetric
and asymmetric

stretching of
methylene

(C–H2)

C=C and
replacement of
carbonyl bond

with amine bond

–C=C–
stretching and
the presence of
alkene group

Spectral Peaks Shift in HDPE

Peak Number 1 2 3 4

Frequency (cm−1) 2914.37 2846.70 1461.76 717.82

Vibrational mood
& Functional

Group

stretching of
C=C bond

stretching of
C-H bonds in

methylene
–CH2 stretching C=C– stretching
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Figure 6. Spectral peaks of Polyester indicating the comparison of Alcaligenes faecalis (SA-5)
with control.

3.7. Surface Modifications Confirmed by Scanning Electron Microscopic Analysis

In this study, properties were authenticated with SEM and FTIR analysis. Degradation
and morphological changes in polyester, liner-low density and high-density polyethylene
pellets after bacterial treatment were analyzed by scanning electron microscopy. As regards
the length of all samples, degradation was observed due to the roughness of surfaces and
formation of cracks/holes/scions. (Figures 7–9). Bacterial cells attached to surfaces were
also visualized on some tested pellets. Scanning electron micrographs revealed that isolates
cause localized surface deterioration in the plastic pellets, while the outside of untreated
plastics is flawless and smooth even following 40 days of incubation. LLDPE samples’
surface indicates bacterial attachment and bacterial actions on surface as shown at 500×,
while HDPE and polyester are shown at 1000 and 10,000× for better understanding.
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Figure 9. SEM captures of polyester beads following 40 days of incubation by isolates. (a) control-
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4. Discussion

Detrimental effects of plastic waste are increasing. Therefore, its elimination from
the earth is fundamental. Among thermic, photooxidative, mechanochemical, and cat-
alytic degradation strategies, biodegradation is considered as the best choice for plastic
waste degradation on account of the minimal effort required and its eco-accommodating
nature [30]. However, detailed characterization of proficient plastic-detiorating microorgan-
isms and microbial compounds should be completed [31]. Different studies demonstrate
the biodegradation of plastics by marine water isolates and rhizosphere samples, but this
study isolated bacteria from municipal landfill sites, as these sites are capable of accommo-
dating bacteria with high potential to degrade plastics and remain stable. The current study
from Multan, Pakistan isolates 54 bacterial isolates with a potential to degrade different
types of microplastics and beads, and to the best of the author’s knowledge no previous
studies have been found om isolation of these bacteria from this region. Therefore, these
indigenously isolated strains can be valuable input for combating plastic pollution waste.
Earlier in 2013 from Islamabad, Pakistan, Shah reported polyester-polyurethane degrading
bacteria [32]. Primary screening results on the growth of isolates along with zones on
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infused media with plastic powder, and repeated screening with 5% concentration, led
to formation of clear zones ranging from 0.25 to 6 mm. Compared to this, in a study
conducted from Iraq the zones ranged from 2.5–3.0 mm on 0.1% LDPE infused MSM, which
implied that the bacterial colonies engendering a clear zone were capable of degrading
polyethylene in minimal media [10]. In the treatment flasks, beads settled down due to
bacterial action.Many studies report that film-type plastics required at least two months
for biodegradation to occur [33], which is a very long time for testing and makes them
unsuitable for identification of new bacterial strains. Alternatively, the surface area of beads
is larger than that of plastic films, and the chance of bacterial attachment increases, which
may speed up the reaction [34]. To test this, we prescribed 40 days of incubation for beads
in liquid media, and both rate of biodegradation and efficiency were improved. The ap-
parent degradation efficiency was assessed by weight loss of beads in MSM, Bacillus cereus
degraded LLDPE by 15%. Alcaligenes faecalis degraded polyester by 17.3% and weight loss
for other types of plastic was also noted as mentioned in the appropriate section. Weight
reduction may have been due to the different metabolism rate of different species. Different
studies have reported that the rate of degradation of polyethylene varied from 1.5 to 13%
as according to different assays and types of microbes [35].Another study from India also
supports that Bacillus spp. are splastic degraders by using Bacillus amyloliquefaciens as LDPE
degraders [36]. All these studies indicate that these are degraders for specific types of
plastic, but for this study Alcaligenes faecalis and Bacillus cereus showed the potential to
degrade more than asingle type of plastic.Weight reduction was also optimized at different
environmental conditions in the laboratory and outside, in which Bacillus cereus (SA-68)
showed maximum tolerance and degraded polyester by 29% weight loss after 15 days of
incubation. In another study, optimization of growth media was carried out in which pH
of the media containing HDPE gradually decreased after 90 days of incubation from 7.3
to 5% [37]. We optimized bacteria for their growth and potential ability to degrade plastic
in different environmental conditions, although different studies use Alcaligenes faecalis,
Bacillus spp. and Streptomyces spp. as potential degraders. In another study, Alcaligenes
faecalis was isolated from PET-treated soil and confirmed as plastic degrader by FTIR analy-
sis [38]. Another study from Iraq used Streptomyces spp. as source for pollution control,
but suggested it was best as an LDPE degrader isolated from soil [39]. More than these
studies, the effectiveness of degradation noticed in this study was comparable to that of
LDPE film degraded by mixed microbial cultures of Bacillus sp. and Paenibacillus sp., in
which both bacteria together exhibit at 15% the highest degradation efficiency [36]. Studies
have described that plastics can be degraded into monomers, and then these monomers
are converted into CO2 and water. To test this, a Sturm test was performed with a mod-
ified procedure. In another study, the process used involved titration with thiosulphate
and sodium hydroxide in the presence of barium chloride and KOH. The highest rate of
evolution for LDPE was 6.28 g/L and the lowest was 1.19 g/L [27]. Compared to this, the
present study involves 0.723/5 mL noted previously. Curiously, the surfaces of pellets
were seen to have become uneven and filled with cracks and grooves1 [10]. After thor-
ough observations in different studies, it has been demonstrated that microorganisms can
change not only appearance but functional groups and other characteristics [40]. In this
study, these properties were authenticated by SEM and FTIR analysis. Previous studies
utilized SEM micrographs as an analytical tool to demonstrate erosions, cavities, and pores
formed on plastic films in order to indicate the extent of colonization and degradation [41].
Curiously, authors describe the surfaces of pellets as een to have become uneven and filled
with cracks and grooves [10]. Other studies also confirmed degradation by formation of
biofilm on the plastic surface. In the study conducted in 2014 on LDPE degradation by
Bacillus amyloliquefaciens isolated from municipal solid, SEM analysis revealed that both
the strainsexhibited adherence and growth with LDPE, used as a sole carbon source [36].
Another study that used a photocatalytic technique for deterioration of polystyrene also
indicates that cavities/holes increased in size after the treatment [42]. In the present study
it was also observed that cavities or holes were produced in pellets. SEM analysis revealed
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surface erosion and bacterial adhesion by giving proof of the deterioration of the plastic
beads because of the activity of the bacteria, and ensured the degradation capability of
the bacteria. In addition to these analyses, isolated strains efficiently degrade beads and
microplastics of various categories of plastic. Hence, the difference in biodegradation rate
between LLDPE, HDPE and polyester may be due to the presence of specific enzymes or
concentrations of different enzymes required for kinds of different plastic degradation. This
demonstrates that, during growth of bacteria, there may be different metabolism rates and
uptake of energy from plastic as a source of carbon [34]. PE microplastics can be categorized
into HDPE and LDPE. Enzyme based degradation is divided into two steps, extracellular
and intracellular. In the first step, LDPE is broken down into shorter chains and in the
next is step followed by mineralization into CO2 and H2O as described in the Sturm test.
Laccase and Alkane showed that the reaction in polyethylene belong to that of the AlkB
family of enzymes, while Laccase is the most commonly reported enzyme responsible for
HDPE degradation, and alkane hydrolase for LDPE degradation [13,43]. Other studies also
confirmed that manganese peroxidase and laccase enzymes produced by Bacillus cereus
were involved in the degradation of low-density polyethylene after an incubation of nine
weeks followed by confirmation by FTIR [41]. Another study explained that Alcaligenes
faecalis produced extracellular enzymes such as CMCase, protease, xylanase and lipase,
which indicates that the surface of the plastic was attacked by these enzymes after SEM and
FTIR analysis [44]. Montazer et al. explain that these secreted bacterial enzymes followed
the formation of monomers by the β-oxidation system pathway [45].Spectral changes indi-
cate the changes in formation of new bands at 1460, 600–700 cm−1. Our observations are
similar to a previous report in which bands at 2900, 720, 1460 cm−1 indicated the rocking
deformation and stretching of bonds [46]. Another study also explains the degradation of
Polyester and observed FTIR peaks, and functional groups observed were similar to the
present study as CO (2230–2050 cm−1), aliphatic compounds (3140–2640 cm−1), carbonyl
compounds (1900–1680 cm−1) and alkene (940–850 cm−1) are identified [47]. In another
study, it was observed through FTIR that addition of –OH group to LDPE backbone was
due to the activity of bacteria producing enzymes for degradation of plastic [48]. In this
study, observations were made which indicate that cleavage in the carbonyl group also
suggests plastic degradation. In addition to these analyses, isolated strains efficiently
degrade beads and microplastics of various categories of plastic.

5. Conclusions

The current investigation demonstrated the degradation of three types of plastic by
soil bacteria isolated from municipal landfill sites. Among 54 isolates, Alcaligenes faecalis
acted as most the promising candidate, but Bacillus spp. and Streptococcus sp. performed
successful degradation, with stability. Bacterial attachment and formation of cracks were
well observed via scanning electron microscope. The methods developed may help in
future to screen and identify new bacterial strains that have the capability of degrading
more than single type of plastic.
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Abstract: Polyhydroxyalkanoates (PHA) are biopolymers with potential to replace conventional
oil-based plastics. However, PHA high production costs limit their scope of commercial applica-
tions. Downstream processing is currently the major cost factor for PHA production but one of
the least investigated aspects of the PHA production chain. In this study, the extraction of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) produced at pilot scale by a mixed microbial culture was
performed using sodium hydroxide (NaOH) or sodium hypochlorite (NaClO) as digestion agents of
non-PHA cellular mass. Optimal conditions for digestion with NaOH (0.3 M, 4.8 h) and NaClO (9.0%,
3.4 h) resulted in polymers with a PHA purity and recovery of ca. 100%, in the case of the former
and ca. 99% and 90%, respectively, in the case of the latter. These methods presented higher PHA
recoveries than extraction by soxhlet with chloroform, the benchmark protocol for PHA extraction.
The polymers extracted by the three methods presented similar PHA purities, molecular weights
and polydispersity indices. Using the optimized conditions for NaOH and NaClO digestions, this
study analyzed the effect of the initial intracellular PHA content (40–70%), biomass concentration
(20–100 g/L) and biomass pre-treatment (fresh vs. dried vs. lyophilized) on the performance of PHA
extraction by these two methods.

Keywords: PHA extraction; chemical digestion; design of experiments; polymer properties

1. Introduction

Polyhydroxyalkanoates (PHA) are biodegradable and biobased polymers produced
by bacterial fermentation. PHA accumulate intracellularly as water insoluble inclusion
bodies that function as carbon and energy storage [1–3], The replacement of conventional
oil-based plastics by PHA in various segments has been thoroughly discussed due to
their similar thermo-physical properties, with PHA offering environmentally friendly
advantages, such as biocompatibility, biodegradability and compostability [1,4]. PHA
production costs, however, are currently higher than those for oil-derived plastics (EUR
1.18–6.12/kg vs. <EUR 1/kg), which limits their potential to niche-market high value
applications [1]. Continuous efforts have been made to reduce PHA production costs
by applying mixed microbial cultures (MMC) and waste streams as carbon source for
PHA production, as an alternative to pure cultures and the required sterile conditions and
expensive substrates. Hence, PHA downstream processing is now the most economically
impacting factor in the PHA production chain [1,4].
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The best established and most commonly used methods for PHA recovery employ
halogenated solvents, such as chloroform. Although these methods often generate superior
recovery yields and product purity values, they are environmentally harmful, make use of
large volumes of noxious solvents and require excessive energy input, making the recovery
process unsustainable and economically unfeasible [4,5]. Thus, research has been leaning
toward the development of more environmentally friendly approaches for the extraction
and purification of PHA [4].

The use of alkaline compounds, such as sodium hydroxide (NaOH), can be a valid,
cost-effective and green alternative to chlorinated compounds for the extraction of PHA [2].
Furthermore, alkaline treatment for PHA recovery has been considered more economically
feasible when compared to an organic solvent-based process [6]. Hydroxides cause saponi-
fication of the lipids present in the cell wall of the microorganism, leading to increased
membrane permeability and release of proteins and non-PHA cell material [7].

Mohammadi et al. (2012) [8] used NaOH to recover PHA (poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate), PHBHHx) from lyophilized recombinant Cupriavidus necator (PHA
content of ca. 38.3%), having tested different NaOH concentrations, digestion times and
reaction temperatures. The authors obtained over 96% of PHA recovery and purity by
treating lyophilized cells with 0.05 M NaOH at 4 ◦C for 3 h. The fact that this efficient,
simple, non-toxic and environmentally friendly treatment resulted in negligible degradation
of the polymer molecular weight (Mw) supports the utilization of alkaline-based methods
as an alternative to organic solvents for PHA recovery. Jiang et al. (2015) [3] assessed the
feasibility of using NaOH for the extraction and purification of PHA (polyhydroxybutyrate,
PHB) from MMC (PHA content of ca. 70%) fed with acetate and compared the results with
those obtained from extraction with dichloromethane. These authors verified that the PHA
purity in the final product increased when both NaOH concentration and treatment time
increased, though PHA recovery decreased in both situations. Applying NaOH at 0.20 M
to fresh biomass for 1 h, the authors obtained a PHA purity of 87% and a PHA recovery of
97%. When treatment time was increased to 3 h, PHA purity increased to 92% and PHA
recovery was reduced to 94%. The comparison between the results of these alkaline-based
methods and the ones obtained with extraction by dichloromethane, 98% of PHA purity
and 56% of PHA recovery, suggests that PHA extraction with NaOH might be a viable
alternative to extraction with organic solvents.

With the purpose of developing a low-cost extraction method with high PHA recovery
to achieve a cost-effective polymer production, Heinrich et al. (2012) [9] studied a simplified
method for PHA extraction at large scale from cells of Ralstonia eutropha H16 (now reclassi-
fied as Cupriavidus necator), cultivated with a synthetic carbon/magnesium solution, using
sodium hypochlorite (NaClO, 13%, v/v). NaClO is a strong oxidizing chemical that dis-
solves non-PHA cellular mass (NPCM), while PHA granules remain in the solid form [10].
Very high purities have been reported for PHA extraction with NaClO, but as PHA is
not completely insoluble in NaClO, the often-associated decrease in polymer molecular
weight after extraction has caused concern when dealing with this chemical [9–12]. In the
study by Heinrich et al. (2012) [9], PHA with an average purity of 93% was extracted with
a maximum recovery of 87% when the largest extraction volume tested, 50 L, was used.
Nevertheless, treatment with NaClO led to a 50–70% decrease in the polymer molecular
weight and higher dispersity of the polymer. Villano et al. (2014) [11] recovered PHA
(poly(3-hydroxybutyrate-co-3-hydroxyvalerate), PHBV) from fresh MMC, produced us-
ing a synthetic mixture of acetic and propionic acids, by operating an extraction reactor
using two digestion agents: NaOH (1 M) and NaClO (5% active Cl2). In the study by
Villano et al. (2014) [11], PHA extraction displayed greater performance when NaClO was
used for the digestion of NPCM, as opposed to NaOH, both in terms of polymer recovery
(ca. 100%, w/w) and purity (>90%, w/w). The results showed, however, a wide polymer
molecular weight distribution, which might be detrimental to the application of the process.
Furthermore, treatments using NaClO may be hazardous and not viable for large-scale
application due to the risk of formation of toxic halogenated compounds [5].
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Until now, most PHA extraction studies have used either pure cultures or MMC
produced with synthetic substrates [1]. The present study focused on the optimization of
PHA (PHBV) extraction from a MMC (ca. 70% PHA) produced at pilot scale with fruit pulp
waste by NPCM digestion with either NaOH or NaClO. Optimization was performed using
lyophilized biomass at a set concentration (20 g/L) through a central composite rotatable
design (CCRD), a response surface methodology (RSM) design that efficiently seeks the
optimum conditions for a multivariate system. RSM involves performing statistically
designed experiments, coefficients estimation in mathematical models and response pre-
diction and model accuracy testing [13]. Central composite design, in particular, has been
often used for the optimization of conditions from various processes, including chemical
and biochemical reactions [14]. In the current study, CCRD was used to determine different
combinations of reagent concentration and digestion time to be tested and also to predict
the conditions that maximize both PHA purity and recovery. This study also assessed the
impact of intracellular PHA content, biomass pre-treatment and biomass concentration
on PHA extraction performance and polymer characteristics, including molecular weight,
thermal properties and infrared spectra.

2. Materials and Methods
2.1. Biomass Samples

Four different biomass samples containing the polymer poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) were used in the PHA extraction trials, and all were produced in
a three-stage process pilot unit plant operated at room temperature. This unit consisted
of an acidogenic fermentation stage, performed in an upflow anaerobic sludge blanket
(UASB) reactor with a working volume of 60 L; a culture selection stage, performed in a
100 L sequencing batch reactor (SBR) operating under a feast and famine regime; and a
PHA accumulation stage, performed in a 60 L fed-batch reactor. The UASB reactor, the SBR
and the fed-batch reactor were designed inhouse. Fruit pulp waste was used as feedstock
for this production.

The PHA accumulation process was performed with biomass purged from the culture
selection SBR and a volatile fatty acid (VFA)-rich stream derived from the UASB. The
accumulation reactor worked in pulse feeding mode under nutrient limitation. After
accumulation, the different PHA-enriched biomasses were acidified with sulfuric acid
(Sigma-Aldrich, Sigma-Aldrich, Burlington, MA, USA), centrifuged and stored at 4 ◦C
before lyophilization.

Biomass A was collected at the end of a PHA accumulation process and had an
intracellular PHA content of ca. 70% (31% of 3-hydroxyvalerate, 3HV). This sample was
used for the PHA extraction optimization tests and to study the impact of the biomass
concentration on the PHA extraction performance. Biomasses B and C were collected at
distinct times of a second PHA accumulation process, namely after the first and second
feed pulses, and had PHA contents of ca. 35–41% (18% 3HV) and ca. 44–52% (18% 3HV),
respectively. Biomass D was collected at the end of a third PHA accumulation and presented
a PHA content of ca. 73% (21% 3HV). Biomasses B, C and D were used to study the effect
of the intracellular PHA content on PHA extraction. Additionally, to study the effect of
biomass pre-treatment on PHA extraction, trials were performed using biomass C, not only
lyophilized but also in its fresh state (i.e., only subjected to acidification and centrifugation)
and in its dry state (i.e., subjected to acidification, centrifugation and drying at 60 ◦C for
3.5 days).

2.2. PHA Extraction

For the determination of the optimal conditions for PHA extraction from lyophilized
PHA-enriched biomass using NaOH (97%, Sigma-Aldrich, Burlington, MA, USA) or NaClO
(10–15% active Cl2, Acros Organic, Geel, Belgium), biomass was mixed at 20 g/L in 50 mL
tubes with 20 mL of NaOH or NaClO solutions, according to the conditions determined
by the experimental design (see Section 2.4), and incubated at 200 rpm and 30 ◦C. After
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incubation with NaOH, the suspension was centrifuged at 9300× g for 10 min at 20 ◦C,
the resulting pellet was washed with 40 mL of water and then frozen and lyophilized for
48 h. Regarding digestion with NaClO, 20 mL of water were added to the suspension after
incubation and before the first centrifugation to enhance the solid–liquid separation. After-
ward, the processing of the pellet was the same as previously described for suspensions,
including NaOH. For comparison purposes, conventional PHA extraction with chloroform
was performed. In this method, 10 g of lyophilized biomass were subjected to Soxhlet
extraction with chloroform (99.5% Sigma-Aldrich, Burlington, MA, USA) at 80 ◦C over 48 h,
followed by precipitation in ice-cold ethanol (EtOH; 1:10 v/v, Fisher Chemical, Waltham,
MA, USA), as described by Pereira et al. (2019) [15].

To assess the effect of biomass pre-treatment on PHA extraction performance,
lyophilized, fresh and dry biomasses were mixed at 20 g/L in 50 mL tubes with 20 mL of
NaOH or NaClO solutions, using the respective determined optimal conditions, and incu-
bated at 200 rpm and 30 ◦C. The same experimental conditions were applied to lyophilized
biomass with different intracellular PHA contents (biomasses B, C and D) and to lyophilized
biomass with the same PHA content (biomass A) but at biomass concentrations of 20, 40, 60,
80 and 100 g/L to analyze the effect of intracellular PHA content and biomass concentration
on PHA extraction performance. The processing of the resulting extraction products for
both studies followed as described in the first paragraph of the present section.

2.3. PHA Content and Composition

PHA content and its composition in biomass and in extraction products were deter-
mined by gas chromatography (GC, Trace 1300, Thermo Scientific, Waltham, MA, USA),
following a methanolysis method based on the one described by Cruz et al. (2016) [16].
Summarily, the lyophilized samples (1 to 2 mg) were hydrolyzed with 1 mL of 20% (v/v)
sulfuric acid (Sigma-Aldrich, HPLC grade, Burlington, MA, USA) in methanol (Fisher
Chemical, HPLC grade, Waltham, MA USA) and 1 mL of chloroform (Sigma-Aldrich,
HPLC grade, Burlington, MA, USA), including heptadecanoate (HD) at 1 g/L, to function
as internal standard. The reaction occurred at 100 ◦C over 3.5 h. The obtained methyl
esters were analyzed in a Restek column (Crossbond, Stabilwax, Bellefonte, PA, USA) at a
constant pressure of 14.50 Psi, using helium (Air Liquid, Paris, France) as the carrier gas.
The oven temperature program was set as follows: 20 ◦C/min until 100 ◦C; 3 ◦C/min until
155 ◦C; 20 ◦C/min until 220 ◦C.

Commercial PHBV (Sigma-Aldrich, 88 mol% 3HB, 12 mol% 3HV, Burlington, MA,
USA) was used as standard for the construction of calibration curves that allowed the
determination of the mass of both 3HB and 3HV in each sample. The PHA content values
were obtained by dividing the mass of PHA (mass of 3HB + mass of 3HV) in each sample
by the mass of lyophilized total solids (TS) used for GC analysis, according to Equation (1):

PHA Content
(

%,
mg
mg

)
=

PHA
TS

× 100 (1)

To calculate the PHA recovery yield according to Equation (2), it was necessary to
determine the PHA mass of both the final extraction product and of the biomass from
which the extraction product was obtained (PHAfinal and PHAinitial, respectively).

Recovery
(

%,
mg
mg

)
=

PHAfinal
PHAinitial

× 100 (2)

2.4. Experimental Design and Statistical Validation

RSM was used to assess the optimal conditions for PHA extraction using digestion
with either NaOH or NaClO. CCRD was performed to analyze the impact and interaction
between the experimental variables (Xi), reagent concentration (M for NaOH and % for
NaClO) and digestion time (h), and the observed responses, PHA purity (%) and PHA
recovery (%). The design applied consisted of nine experiments performed randomly: four
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factorial design points at levels ±1; four experiments of axial level α = ±1.414; and a central
point with three replicates. The experimental values for the two independent variables
were established according to the literature [3,6,8,9,11,12,17–21]. The experimental tests for
optimization of PHA extraction with NaOH and NaClO were performed as described in
Table 1.

Table 1. Experimental conditions for the digestion of non-PHA cellular mass (NPCM) with NaOH or
NaClO, obtained using a central composite rotatable design (CCRD) of experiments, with reagent
concentration (M and % for NaOH and NaClO, respectively) and digestion time (h; tdigestion-NaOH

and tdigestion-NaClO for digestion with NaOH and NaClO, respectively) as independent variables.

Test NaOH (M) tdigestion-NaOH (h) NaClO (%) tdigestion-NaClO (h)

1 0.14 0.80 1.90 0.60
2 0.84 0.80 11.10 0.60
3 0.14 4.30 1.90 3.00
4 0.84 4.30 11.10 3.00
5 0.49 2.55 6.50 1.80
6 0.49 2.55 6.50 1.80
7 0.49 2.55 6.50 1.80
8 0.00 2.55 0.00 1.80
9 0.98 2.55 13.00 1.80
10 0.49 0.08 6.50 0.10
11 0.49 5.02 6.50 3.50

The experimental data were fitted to the second-order model presented in Equation (3)
to evaluate the system’s behavior.

Yp = b0 + b1X1 + b2X2 + b11X2
1 + b22X2

2 + b12X1X2 (3)

In Equation (3), Yp corresponds to the predicted responses, and X1 and X2 are the
coded values of the independent variables, namely reagent concentration and digestion
time. b0, bi, bj, bij (i, j = 1, 2) are the coefficient estimates, b0 being the interception, b1 and
b2 the linear terms, b11 and b22 the quadratic terms, and the b12 the interaction term. A
statistical analysis was performed to evaluate the significance of each source of variation
and select an appropriate quadratic model.

Analysis of variance (ANOVA) was used to assess the fit of each model, which was
considered an accurate prediction tool when it met the following criteria: a good cor-
relation value (R2 > 0.7, acceptable for biological samples [22]) with statistical meaning
(p-value < 0.05, for a 95% confidence level) and with no lack of fit (p-value > 0.05, for 95%
confidence level) [23]. Statistics and surface plots analysis provided information on the
effect of reagent (NaOH or NaClO) concentration and digestion time on PHA purity and
PHA recovery.

2.5. PHA Infrared Spectra

Fourier transform infrared (FTIR) spectra of the extracted PHA were collected between
400 and 4000 cm−1, at room temperature, using a Cary 630 FTIR spectrometer (Agilent
Technologies, Santa Clara, CA, USA) with a thermoelectrically cooled dTGS detector and
KBr standard beam splitter and equipped with a diamond attenuated total reflectance
(ATR) accessory. All spectra were recorded via the ATR method, with a resolution of 1 cm−1

and 16 scans.

2.6. PHA Molecular Mass Distribution

The weight average molecular weight (Mw), number average molecular weight (Mn)
and polydispersity index (Mw/Mn; PDI) of the extracted PHA were determined by size
exclusion chromatography (SEC). For this analysis, 15 mg of each sample was first dis-
solved in 3 mL of chloroform at room temperature for 18 h. Then, the resultant solutions
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were filtered with glass fiber filters 47 mm (PALL, Port Washington, NY, USA) and ana-
lyzed by a Waters SEC system (Milford, MA, USA), with support SEC: PLgel 5 µm Guard,
50 × 7.5 mm; PLgel 5 µm 104 Å, 300 × 7.5 mm; PLgel 5 µm 500 Å, 300 × 7.5 mm (Polymer
Laboratories, Church Stretton, UK). A temperature of equilibration of 30 ◦C was used,
along with a flow rate of 1 mL/min, with degassing, and chloroform as the mobile phase.
An amount of 100 µL of each sample was injected in the SEC circuit. The refractive index
detector Waters 2410 was used for polymer detection, using the sensitivity 512 and a collect
duration of 25 min. Relative molecular weights of the polymers were determined accord-
ing to the universal calibration method adopting polystyrene standards with molecular
weights between 800 Da and 504.5 kDa, and using Waters Millenium SEC software (Milford,
MA, USA).

2.7. PHA Thermal Properties

Differential scanning calorimetry (DSC) analysis was used to probe the thermal prop-
erties of the extracted PHA. This analysis was performed using a differential scanning
calorimeter DSC Q2000 (TA Instruments, New Castle, DE, USA). Each sample (approxi-
mately 4 mg) was placed in a sealed aluminum pan, perforated to allow water/solvents re-
lease. Thermograms were collected in a range of temperatures between −90 ◦C and 160 ◦C,
with heating and cooling steps of 10 ◦C/min under a nitrogen atmosphere. Two cool-
ing/heating cycles were performed for each sample. The glass transition temperature
(Tg, ◦C) and the melting temperature (Tm, ◦C) were determined as the midpoint of the heat
flux step and at the minimum of the endothermic peak, respectively, of the second heating
run, due to water or solvent evaporation occurring during the first heating.

3. Results
3.1. Effects of Reagent Concentration and Digestion Time on PHA Extraction with NaOH/NaClO:
Analysis of PHA Purity and Recovery

With the aim of obtaining the optimal conditions for PHA extraction through NPCM
digestion with NaOH or NaClO, a CCRD with reagent concentration and digestion time
as independent variables was used to study the PHA purity and PHA recovery of the
extraction products. The results from subjecting biomass A (see Section 2.1), lyophilized
biomass with ca. 70% of intracellular PHA content, to different digestion conditions with
NaOH and NaClO are presented in Figure 1a,b, respectively.

Regarding PHA extraction with NaOH (Figure 1a), the highest PHA purity, 93.28 ± 4.10%,
was obtained when the biomass was treated with NaOH at 0.84 M for 4.30 h, and a complete
PHA recovery was attained when treatment with NaOH at 0.49 M for 0.08 h was applied.
Considering Figure 1b, the final product with the highest PHA purity was obtained, with
complete PHA recovery, when the biomass was digested with NaClO at 6.50% for 3.50 h.

ANOVA analysis was used for the two responses (PHA purity and PHA recovery)
obtained after digestion with either NaOH or NaClO, and the results are presented in
Tables 2 and 3, respectively.

Table 2. Analysis of variance (ANOVA) of the central composite design applied to PHA extraction
through NPCM digestion by NaOH: significance levels (p-values) of model and lack of fit, and
correlation values (R2) for the responses studied, namely PHA purity and PHA recovery.

Model p-Value Lack of Fit p-Value R2

PHA Purity 0.00 0.98 0.82

PHA Recovery 0.00 0.65 0.93
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Figure 1. Results of PHA extraction using NaOH (a) and NaClO (b) for each pair of reagent concen-
tration (a) M for NaOH; (b) % for NaClO and digestion time (h) tested. The results are expressed in
PHA purity (%), PHA recovery (%), normalized mass of PHA (g) and normalized mass of impurities
(g). Biomass A corresponds to the starting biomass with intracellular PHA prior to extraction. The
results of the conventional PHA extraction with chloroform (extraction with chloroform in soxhlet,
followed by purification in ethanol (EtOH)) are also displayed as “Soxhlet w/CHCl3 + EtOH”.

Table 3. Analysis of variance (ANOVA) of the central composite design applied to PHA extraction
through NPCM digestion by NaClO: significance levels (p-values) of model and lack of fit, and
correlation values (R2) for the responses studied, namely PHA purity and PHA recovery.

Model p-Value Lack of Fit p-Value R2

PHA Purity 0.00 0.06 0.89

PHA Recovery 0.00 0.29 0.80

Tables 2 and 3 demonstrate R2 values greater than 0.7 for PHA purity and PHA re-
covery obtained after digestion with NaOH and NaClO, respectively. Thus, according to
Lundstedt et al. (1998) [22], the second-order model showed an adequate fit for the consid-
ered responses. Furthermore, the model and lack of fit p-values presented in Tables 2 and 3
demonstrate that the second-order model had significance (p < 0.05) for all responses and
no evidence of lack of fit (p > 0.05).
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3.2. Optimal Reagent Concentration and Digestion Time for PHA Extraction with NaOH
and NaClO

Multiple linear regression (MLR) analysis of the models developed for PHA extraction
using NaOH (Table 4) or NaClO (Table 5) provided information regarding the linear,
quadratic and interaction effects of NaOH/NaClO concentration and digestion time on
PHA purity and PHA recovery.

Table 4. Multiple linear regression (MLR) analysis of the polynomial models obtained for PHA
extraction through NPCM digestion by NaOH: constants and p-values for linear, quadratic and
interaction effects of NaOH concentration ([NaOH]) and digestion time (t) for the studied responses,
PHA purity and PHA recovery.

Effect Constant
Linear Quadratic Interaction

[NaOH] (X1) t
(X2)

[NaOH] ×
[NaOH] (X1

2)
t × t
(X2

2)
[NaOH] × t

(X1X2)

PHA Purity
(Y1) −1.134 0.012 0.064 0.020 0.061 0.008

p-Value 7.572 × 10−18 0.387 8.621 × 10−5 0.226 7.859 × 10−4 0.619

PHA Recovery
(Y2) 89.921 −3.535 −1.104 0.479 1.887 −1.985

p-Value 6.367 × 10−24 2.742 × 10−7 0.003 0.284 2.332 × 10−4 2.552 × 10−4

Table 5. Multiple linear regression (MLR) analysis of the polynomial models obtained for PHA
extraction through NPCM digestion by NaClO: constants and p-values for linear, quadratic and
interaction effects of NaClO concentration ([NaClO]) and digestion time (t) for the studied responses,
PHA purity and PHA recovery.

Effect Constant
Linear Quadratic Interaction

[NaClO] (X1) t
(X2)

[NaClO] ×
[NaClO] (X1

2)
t × t
(X2

2)
[NaClO] × t

(X1X2)

PHA Purity
(Y1) 100.659 7.572 1.367 −6.079 1.686 2.258

p-Value 6.988 × 10−27 6.672 × 10−9 0.119 1.035 × 10−6 0.079 0.100

PHA Recovery
(Y2) 97.929 2.188 0.728 −2.196 1.202 1.267

p-Value 5.869 × 10−25 8.157 × 10−4 0.160 0.002 0.041 0.088

Regarding PHA extraction by NaOH digestion, Table 4 shows that PHA purity was
affected primarily by the linear and quadratic terms of digestion time (p < 0.05). In terms
of PHA recovery, this was mainly influenced by the linear terms of NaOH concentration
and digestion time, the quadratic terms of digestion time and also the term of interaction
between NaOH concentration and digestion time.

Table 5 shows that in PHA extraction through NaClO digestion, PHA purity was
mostly impacted by the linear and quadratic terms of NaClO concentration. As for PHA
recovery in this process, this was mainly impacted by the linear and quadratic terms of
NaClO concentration, as well as the quadratic term of digestion time.

The prediction plots and the 3D surface plots regarding the PHA purity and PHA re-
covery models for PHA extraction with NaOH and NaClO are presented in Figures 2 and 3,
respectively.
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Figure 2. Prediction plots (a) and 3D surface plots (b) for the models developed for the prediction of
PHA purity and PHA recovery considering NaOH concentration and digestion time as independent
variables. These models were developed using the experimental PHA purity and PHA recovery
values obtained in the CCRD tests for PHA extraction with NaOH.
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Figure 3. Prediction plots (a) and 3D surface plots (b) for the models developed for the prediction of
PHA purity and PHA recovery considering NaClO concentration and digestion time as independent
variables. These models were developed using the experimental PHA purity and PHA recovery
values obtained in the CCRD tests for PHA extraction with NaClO.
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Considering Figure 2a, the developed models suggest that PHA purity slightly in-
creases with the increase in NaOH concentration, while PHA recovery substantially de-
creases. Concerning the effect of the digestion time, PHA content is expected to increase
when the reaction time increases, while PHA recovery will tend to decrease.

Observing Figure 2b, it is possible to assess that PHA content should be maximized
when biomass is treated with NaOH at a concentration of about 0.8 M and a digestion time
of around 4 h. On the other hand, PHA recovery should be highest when NaOH is used at
a concentration of ca. 0.2 M and when the digestion has a duration of about 4 h.

Considering the developed models, the conditions that should maximize both the
PHA purity and the PHA recovery of the final product obtained by PHA extraction with
NaOH were estimated at 0.3 M for concentration and 4.8 h for digestion time.

Figure 3a shows that according to the predictive models, PHA content and PHA
recovery tend to rise with the increase in NaClO concentration, the increase in PHA purity
being greater than the one observed for PHA recovery. In terms of digestion time, both the
PHA purity and the PHA recovery are expected to improve as the digestion time increases.

Figure 3b shows that when applying digestion with NaClO, the PHA content of the
final product is maximized when NaClO is at a concentration between 8% and 11% and
when digestion lasts between approximately 2.7 h and 3 h. Regarding PHA recovery, this
parameter should be greatest when the biomass is treated with NaClO at a concentration
between 8% and 11% for about 2.8–3 h.

Considering the developed models, the conditions that maximize the PHA content
and the PHA recovery of the final product obtained by PHA extraction with NaClO were
estimated to be a concentration of 9.0% and a digestion time of 3.4 h.

Figure 4 shows the results of PHA extraction using the found optimal conditions for
NaOH and NaClO digestions, as well as using the benchmark protocol (soxhlet extraction
with chloroform followed by precipitation in cold ethanol) for comparison purposes. Diges-
tion with NaClO resulted in a product with a PHA purity of 99.4 ± 4.2%, having recovered
89.9 ± 4.8% of the existing polymer. Treatment with NaOH, under the optimal conditions,
recovered 102.9 ± 7.9% of the existing polymer, and the extracted product presented a PHA
purity of 101.7 ± 7.6%. On the other hand, soxhlet extraction with chloroform followed by
precipitation in ethanol recovered 81.7 ± 6.3% of the polymer and originated a product with
95.1 ± 7.3% of PHA. These results show that treatment with NaClO may have caused some
polymer degradation, as it resulted in a lower PHA recovery than digestion with NaOH.

Figure 4. Results of PHA extraction using the optimal conditions for digestion with NaClO (9.0%,
3.4 h) or with NaOH (0.3 M, 4.8 h). The results are expressed in PHA purity (%), PHA recovery (%),
normalized mass of PHA (g) and normalized mass of impurities (g). Biomass A corresponds to the
starting biomass with intracellular PHA prior to extraction. The results of the conventional PHA
extraction with chloroform (extraction with chloroform in soxhlet, followed by purification in ethanol
(EtOH)) are also displayed as “Soxhlet w/CHCl3 + EtOH”.
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The PHA extraction results presented in Figure 4 suggest that NaOH treatment using
the optimal conditions, 0.3 M for 4.8 h, can efficiently extract the polymer from the PHA-
enriched biomass used in the present study.

3.3. Effect of the Initial Intracellular PHA Content on the PHA Extraction Performance

Studies have shown that the initial PHA content of biomass wields a great influence
on the performance of the PHA extraction process [5,24]. It has been estimated that for
a PHA extraction process to be cost efficient, the biomass should present a PHA content
of over 60%, since when it is under this value, serious complications in the separation
process could potentially occur [5,25,26]. To assess the influence of the biomass intracellular
PHA content on the performance of the developed PHA extraction methods, three biomass
samples produced at pilot scale with the same substrate (fruit pulp waste) but with varying
intracellular PHA contents, namely 41%, 52% and 73%, i.e., biomasses B, C and D (see
Section 2.1), were subjected to the previously determined optimal conditions for NPCM
digestion with NaOH (0.3 M and 4.8 h) and NaClO (9.0% and 3.4 h). The results of these
PHA extraction tests are presented in Figure 5.

Figure 5. Results of PHA extraction from MMC biomass samples with intracellular PHA contents of
41%, 52% and 73% using the optimal conditions for digestion with either NaOH (0.3 M for 4.8 h) or
NaClO (9.0% for 3.4 h). Biomass B, biomass C and biomass D correspond to the starting biomasses
with intracellular PHA prior to extraction. Product B, product C and product D correspond to the
products extracted from biomasses B, C and D, respectively. The results are expressed in PHA purity
(%), PHA recovery (%), normalized mass of PHA (g) and normalized mass of impurities (g).

The results in Figure 5 are in accordance with the literature, as they present a clear
influence of the initial intracellular PHA content on the polymer extraction performance.
Figure 5 shows that the PHA purity of the extraction products increases with the increase
in the initial intracellular PHA content of the biomass, irrespective of the digestion agent
applied. Yet, an extraction product without impurities was only obtained when applying
the optimal NaClO digestion conditions to the sample with the highest intracellular PHA
content tested (73%; biomass D). These results confirm previous findings and allow us to
conclude that the more enriched in PHA the biomass is, the purer the extracted polymer
will be, translating into greater process efficiency.

3.4. Effect of Biomass Pre-Treatment on PHA Extraction Performance

To study the effect of biomass pre-treatment on PHA extraction by NPCM diges-
tion with either NaOH or NaClO, extraction trials were performed with fresh, dried and
lyophilized biomass. Biomass C (PHA content of ca. 44%, see Section 2.1) was used in
these tests. After having been collected, biomass C was subjected to acidification, cen-
trifugation and storage at 4 ◦C. This fresh biomass C was subjected to PHA extraction.
The dry biomass C was obtained by subjecting the fresh biomass to drying at 60 ◦C for
3.5 days. The lyophilized biomass C was obtained after lyophilization of the fresh biomass.
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Figure 6 displays the PHA extraction results of the application of the optimal conditions
for either NaOH or NaClO digestion (determined in Section 3.2) to lyophilized, dry and
fresh biomass C.

Figure 6. Results of PHA extraction from lyophilized, dry (at 60 ◦C) and fresh biomass, containing
ca. 44% of PHA, using the optimal conditions for digestion with either NaOH (0.3 M for 4.8 h) or
NaClO (9.0% for 3.4 h). Biomass C corresponds to the starting biomass with intracellular PHA prior
to extraction. The results are expressed in PHA content (%), PHA recovery (%), normalized mass of
PHA (g) and normalized mass of impurities (g).

The results of digestion with NaOH in Figure 6 suggest that this method was more
efficient when used to process dry biomass rather than lyophilized or fresh biomass, as it
resulted in a higher removal of impurities without compromising PHA recovery. While
PHA recovery values were similar for all extraction trials with NaOH, ranging between 88
and 92%, the use of dry biomass resulted in a product with a PHA purity of 77%, while
NaOH digestion of lyophilized and fresh biomass originated products with PHA purities
of 66% and 57%, respectively.

The use of NaClO for PHA extraction from lyophilized, dry and fresh biomass resulted
in products with PHA purities of 80%, 73% and 83%, respectively, and similar PHA
recovery values, between 90 and 95% (Figure 6). Hence, contrary to PHA extraction
by NaOH treatment, digestion with NaClO resulted in products with similar PHA purity
and recovery, regardless of the pre-treatment applied to the biomass, though it was slightly
less efficient when processing dry biomass.

3.5. Effect of Biomass Concentration on PHA Extraction Performance

The effect of biomass concentration on PHA extraction by NaOH or NaClO digestion
was also studied. For this purpose, biomass A (lyophilized biomass with ca. 70% PHA,
see Section 2.1) at the concentrations of 20 g/L, 40 g/L, 60 g/L, 80 g/L and 100 g/L was
subjected to the optimal conditions for digestion with NaOH (0.3 M, 4.8 h) or NaClO (9.0%,
3.4 h). The results concerning the effect of biomass concentration on PHA extraction by
digestion with either NaOH or NaClO are presented in Figure 7a,b.

Figure 7 shows that at a biomass concentration of 20 g/L, NPCM digestion with
either NaOH or NaClO originated products with PHA contents of ca. 100%. When biomass
concentration was increased to 40 g/L, the product derived from NaOH digestion presented
about 8% of impurities, while the one obtained from NaClO digestion still presented a PHA
content of ca. 100%. This suggests that, at their respective optimal conditions, NaClO was
able to digest more NPCM than NaOH.

After increasing biomass concentration to 60, 80 and 100 g/L, the PHA purity gradually
decreased in the products extracted by NaClO digestion and remained approximately
constant in the products extracted by NaOH digestion. Thus, it is possible to conclude
that as the biomass concentration increased in the extraction trials using either digestion
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agent, the PHA purity of the extracted samples tended to decrease, the higher amount of
impurities being a consequence of a higher biomass concentration.

Figure 7. Results of PHA extraction from biomass at the concentrations of 20 g/L, 40 g/L, 60 g/L,
80 g/L and 100 g/L using the optimal conditions for digestion with either (a) NaOH (0.3 M for 4.8 h)
or (b) NaClO (9.0% for 3.4 h). Biomass A corresponds to the starting biomass with intracellular PHA
prior to extraction. The results are expressed in PHA purity (%), PHA recovery (%), normalized mass
of PHA (g) and normalized mass of impurities (g).

3.6. Characterization of Extracted Polymers

Selected samples from the PHA extraction tests previously presented were analyzed
in terms of Mw, DSC and FTIR spectroscopy. The analyzed samples and the extraction
treatments they were obtained from are described in Table 6. The physical-chemical
properties of the polymers extracted using the different treatments are presented in Table 7.
In terms of physical-chemical properties, sample V will be considered the standard for
comparison between samples obtained from the same biomass (lyophilized biomass A with
ca. 70% PHA content; samples I, II and V) due to having been obtained using the benchmark
protocol for PHA extraction, which, reportedly, causes negligible PHA degradation [27].

Table 6. Samples selected for analysis of molecular weight (Mw), differential scanning calorimetry
(DSC) and Fourier transform infrared (FTIR) spectroscopy and the PHA extraction methods from
which these samples were obtained.

Sample Type of Biomass PHA Content (%) Extraction Method

I lyophilized biomass A 70 NaOH (0.3 M, 4.8 h) + washing with water
II lyophilized biomass A 70 NaClO (9.0%, 3.4 h) + washing with water
III fresh biomass C 44 NaOH (0.3 M, 4.8 h) + washing with water
IV dried biomass C (60 ◦C, 3.5 days) 44 NaOH (0.3 M, 4.8 h) + washing with water

V lyophilized biomass A 70 Soxhlet extraction with chloroform + precipitation in
absolute EtOH (benchmark protocol)
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Table 7. Physical-chemical properties of the polymers extracted in selected PHA extraction trials,
produced by MMC using fermented fruit waste as feedstock (3HB, 3-hydroxybutyrate; 3HV, 3-
hydroxyvalerate; Mw, Mean molecular weight in weight; Mn, Mean molecular weight in number;
PDI, Polydispersity index; Tg, Glass transition temperature; Tc, Crystallization temperature; ∆Hc,
Crystallization enthalpy; Tm, Melting temperature; ∆Hm, Melting enthalpy).

Sample PHA Purity
(%)

3HB in PHA
(%wt)

3HV in PHA
(%wt)

Mw
(×105 Da)

Mn
(×105 Da) PDI Tg

(◦C)
Tc

(◦C)
∆Hc
(J/g)

Tm
(◦C)

∆Hm
(J/g)

I 101.7 ± 7.6 69.0 31.0 2.45 1.33 1.84 −1.57 57.1 6.7 109.6 20.8
II 99.4 ± 4.2 69.1 30.9 2.45 1.11 2.20 −1.19 - - 111.1 27.5
III 56.8 ± 0.8 81.7 18.3 2.81 1.26 2.23 −4.92 - - 138.1 2.5
IV 77.3 ± 2.7 81.7 18.3 0.87 0.12 7.12 −0.14 - - 132.9 33.9
V 95.1 ± 7.3 68.8 31.2 2.63 1.31 2.00 0.51 62.1 11.3 109.1 18.5

3.6.1. Molecular Weight

When comparing the Mw (Table 7) of sample V with that of samples I and II, it is
possible to infer that treating lyophilized biomass A with NaOH or NaClO, respectively,
resulted in a slight decrease in Mw. This suggests that some polymer degradation occurred
during these PHA extraction processes. Nevertheless, samples I and II presented high
Mw and values of polydispersity index (PDI) similar to the ones for sample V, around 2,
indicating the homogeneity of these polymers.

On the other hand, comparing the Mw and PDI values of samples III and IV suggests
that drying biomass C at 60 ◦C for 3.5 days before extraction resulted in significant changes
in the macromolecular features of the polymer, the Mw for sample IV being markedly
lower than that for sample III (0.87 × 105 Da and 2.81 × 105, respectively). Furthermore,
while sample III presented a PDI of 2.23, sample IV displayed a PDI of 7.12, indicative of a
broad molecular weight distribution in the latter.

3.6.2. Thermal Properties

The thermal properties of each sample, namely glass transition temperature (Tg),
crystallization temperature (Tc) and respective crystallization enthalpy (∆Hc), melting
temperature (Tm) and respective melting enthalpy (∆Hm), were determined using the
second heating run of the respective thermogram (Figure 8). As moisture/solvent removal
occurred during the first heating run, considering the second heating allowed a more
accurate comparison between the samples. It should be noted, however, that crystallinity
decreased for all samples after the first heating/cooling cycle, as samples recrystallized to a
lesser extent. Furthermore, sample III presented a distinctive behavior on the first heating
run, being the sample that lost the most mass, attributed to dehydration, the respective
water removal endotherm masking the melting.

The second heating run of the thermograms of the considered samples (Figure 8)
displays broad melting endotherms, likely due to a wide distribution of crystal thickness
and/or size, which influenced their melting temperatures [28]. Furthermore, the thermo-
grams in Figure 8 show that samples I and V undergo cold crystallization above glass
transition, revealed by the emergence of a broad exotherm, which could be a consequence
of a higher mobility of the polymer chains [29] enabling their ordered arrangement while
crossing the glass transition temperature upon heating.

In Table 7, it is possible to observe that the samples with the highest melting tempera-
tures were samples III (138.1 ◦C) and IV (132.9 ◦C). This may be due to their lower 3HV
content when compared to the other samples, since a melting point decrease in PHBV has
been associated with a 3HV content increase [30].
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Figure 8. Second heating runs of the DSC thermograms of samples I (green, solid line), II (yellow,
dash line), III (pink, short dash line), IV (red, long dash line), V (blue, dash dot line). The thermograms
were vertically displaced in order to coincide in the low temperature region.

3.6.3. Attenuated Total Reflectance—Fourier Transform Infrared (ATR-FTIR) Spectra

ATR-FTIR spectroscopy was used to analyze the selected polymers extracted by
NaOH- and NaClO-based methods and also by chloroform extraction followed by EtOH
purification (Table 6). The FTIR spectra obtained are presented in Figure 9.

Figure 9a shows that all the samples present the typical PHA bands in FTIR, namely
the ester carbonyl band (C=O), stretching in the 1740–1700 cm−1 region, and the -CH3
and -CH2 bands, stretching at 3000–2800 cm−1 [31]. In Figure 9b, all FTIR spectra were
normalized by their maximum absorbance, at ca. 1722 cm−1, to allow a more accurate
comparison between the samples in the ester carbonyl band (C=O) region.

Structurally, in the crystalline phase, oxygen atoms of the carbonyl group are located
closer to hydrogen atoms, forming hydrogen-bond interactions and leading to a decrease
in the carbonyl bond order and to absorbance at lower wavenumbers. On the other hand,
the absence of an ordered structure in the amorphous phase leads to reduced hydrogen-
bonding effects, resulting in increased carbonyl bond order and absorbance at higher
wavenumbers [32], closer to the free C=O stretching mode. Hence, the carbonyl band
presents two distinct regions: a relatively broad band at ca. 1738 cm−1, which corresponds
to the amorphous phase of the polymer, and a sharper band at ca. 1722 cm−1, which
corresponds to the crystalline phase [33]. Considering this information and Figure 9b, it is
possible to infer that sample III exhibits the most amorphous character of all the samples,
while the highest crystallinity was found for samples IV and V. The comparison between
samples III and IV allows us to conclude that drying the biomass at 60 ◦C for 3.5 days, prior
to the PHA extraction process, influenced the polymer crystallinity in sample IV, since this
was the only difference between the pre-treatments of both samples (Table 6). Likewise,
as samples I, II and V, which resulted from different extraction methods applied to the
same lyophilized biomass, present distinct dynamics between the respective amorphous
and crystalline phases, one might assess that the PHA extraction process influences the
polymer crystallinity.
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Figure 9. FTIR spectra of the polymer samples obtained using different PHA extraction methods
considering: (a) the entire wavenumber range (400–4000 cm−1); (b) a close-up of the carbonyl (C=O)
region, 1740–1700 cm−1, which includes a broad band at ca. 1738 cm−1 and a sharp band at ca.
1722 cm−1, assigned to the amorphous and crystalline phases of the polymers, respectively; in (b)
each FTIR spectra were normalized by the respective maximum absorbance, at ca. 1722 cm−1.

4. Discussion

In the present study, when the optimal conditions for digestion with NaOH (0.3 M,
4.8 h) were applied to lyophilized biomass (biomass A, PHA content of ca. 70%) produced
at pilot scale using fermented fruit pulp as substrate, a PHA purity of 101.7 ± 7.6% and a
PHA recovery of 102.9 ± 7.9% were obtained. These values are similar to the ones reported
by Jiang et al. (2015) [3], where lyophilized biomass with an intracellular PHA content
of ca. 70%, produced with acetate as substrate, was digested using NaOH at 0.2 M for
1 h, resulting in the recovery of 95.5 ± 0.6% of the polymer with a purity of 95.9 ± 3.7%.
However, in the current study, a higher NaOH concentration and a longer digestion time
were necessary to obtain PHA purity and PHA recovery values similar to the ones reported
by Jiang et al. (2015) [3], possibly due to the fact that a real substrate with a more complex
matrix was used for biomass production in the case at study. Furthermore, the results of
the aforementioned authors suggest that sole NaOH treatment was unable to remove all
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NPCM from fresh biomass, the remaining impurities requiring the combined action of
NaOH and sodium dodecyl sulfate (SDS) to be efficiently removed. In the present study,
when testing the effect of different biomass pre-treatments on PHA extraction performance
(Figure 6), using biomass with a lower intracellular PHA content (ca. 44%, biomass C), it
was also observed that NaOH digestion was less efficient when processing fresh biomass
when compared to lyophilized and dry biomass. Hence, one possible approach for future
work might be the addition of SDS to NaOH digestion for the extraction of PHA from
fresh biomass.

In the present study, the application of the found optimal conditions for NaOH
digestion (0.3 M, 4.8 h) to lyophilized biomass with an intracellular PHA content of ca. 41%
(biomass B) (Figure 5) resulted in an extraction product with a PHA purity of about 71%
and a PHA recovery of ca. 99%. Mohammadi et al. (2012) [8] performed experiments of
PHA (PHBHHx) extraction from lyophilized recombinant C. necator with a PHA content
of ca. 38.3% at 4 ◦C and 30 ◦C. At 30 ◦C, the temperature used in the present study, the
highest values of PHA purity and PHA recovery were ca. 95% and ca. 97%, respectively,
obtained when biomass was subjected to digestion with NaOH at 0.1 M for 5 h. The lower
PHA purity of the final product in the current study may be associated with the fact that
MMC are reportedly more resistant to cell hydrolysis than pure cultures [34].

In this study, using the optimal NaOH digestion conditions for the extraction of
PHA from fresh biomass C with a PHA content of ca. 44% (Figure 6) resulted in a PHA
recovery and a PHA purity of around 88% and 57%, respectively. Villano et al. (2014) [11]
performed PHA extraction trials at room temperature using fresh biomass with an average
PHA (PHBV) content of 46%, produced with a synthetic mixture of acetic and propionic
acids. When subjecting the fresh biomass to NaOH at 1 M (the ratio between the volume
of biomass and the chemical solution being 6:1) for 3 h, these authors reported a PHA
recovery and a PHA purity of around 87% and 54%, respectively. Using a digestion time of
24 h, a PHA recovery and a PHA purity of about 80% and 56%, respectively, were obtained.
These values are similar to the ones obtained in the present study. Regarding digestion with
NaClO at 5% Cl2 (5.25% NaClO; the ratio between the volume of biomass and the chemical
solution being 6:1), the aforementioned authors reported complete recovery of PHA after
3 h and 24 h of digestion. Furthermore, PHA purities of ca. 90% and ca. 98% were obtained
after 3 h and 24 h of digestion, respectively. In the present study, subjecting fresh biomass
with a PHA content of ca. 44% (biomass C) to the optimal conditions for NaClO digestion
(9.0% NaClO, 3.4 h) resulted in a PHA recovery of around 92% and a final product with
a PHA purity of ca. 83% (Figure 6). These values are lower than the ones obtained by
Villano et al. (2014) [11], which may be due to the fact that the biomass in the current
study was produced using real waste as substrate, namely fermented fruit pulp with a
complex matrix, while in the former, a synthetic mixture of acetic and propionic acids was
used. The use of real waste as substrate may result in the presence of impurities that are
harder to remove. On the other hand, the conditions used for PHA extraction from fresh
biomass C (PHA content of ca. 44%) with NaClO in the present study were determined
using lyophilized biomass with a PHA content of ca. 70%, biomass A (Section 3.2). Thus, it
is possible that applying the CCRD methodology to NaClO digestion for PHA extraction
from fresh biomass C would determine a different set of optimal conditions that would
result in increased PHA purity and PHA recovery. The same possibility can be posed for
PHA extraction by NaOH digestion.

Considering Mw results, the polymer obtained from NaClO digestion (9.0%, 3.4 h)
of lyophilized biomass with an intracellular PHA content of ca. 70% (sample II in Ta-
ble 7) presented an average Mw of 2.45 × 105 Da and PDI of 2.20. In the study by
Villano et al. (2014) [11], digestion using NaClO, in the conditions mentioned above re-
sulted in a polymer with a Mw range between 3.4 × 105 and 5.4 × 105 Da, and a PDI
between 4 and 10. It is possible that the considerable difference between the PDI values of
the two studies is due to the process conditions, since in the present study, the polymer was
extracted from lyophilized biomass with an intracellular PHA content of ca. 70%, while
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in the study by Villano et al. (2014) [11], the polymer was extracted from fresh biomass
containing ca. 46% of PHA.

Digestion of lyophilized MMC (biomass A, PHA content of ca. 70%) with NaClO,
using the optimal conditions (9.0% NaClO, 3.4 h), resulted in a PHA recovery of ca. 90%
and a PHA purity of around 99% (Figure 4). Heinrich et al. (2012) [9] extracted PHA (PHB)
from lyophilized R. eutropha H16 (intracellular PHA content of ca. 65.2%) by subjecting
it to digestion with NaClO at 13% (v/v) for 1 h at room temperature. In that study, PHA
extraction was performed at 0.1 L and 50 L scales. At the scale of 0.1 L, a PHA purity of ca.
95.7% and a PHA recovery of about 91.3% were obtained, whereas at the scale of 50 L, an
average of about 87% of the existing polymer was recovered, the final product presenting
an average PHA purity of ca. 93%. The reported PHA purity and PHA recovery values
using a pure culture are similar to the ones obtained in the current study with an MMC.
Nevertheless, in the case at study, PHA extraction by NaClO resulted in a Mw reduction
of about 7% when compared to the polymer recovered by chloroform (Table 7), a value
notably lower than the one observed by Heinrich et al. (2012) [9], which ranged between
50% and 70%, similarly to previous studies [18,19].

Regarding the effect of biomass concentration on PHA extraction, the results in
Figure 7 are in accordance with those obtained by Berger et al. (1989) [19] and Choi
and Lee (1999) [6], who observed a decrease in polymer purity when cell concentration
was increased in PHA extraction by NaClO and NaOH digestions, respectively. Addi-
tionally, Heinrich et al. (2012) [9] also observed that in PHA extraction by digestion with
NaClO at 13% (v/v), a biomass concentration higher than 30 g/L led to the saturation of the
NaClO solution.

Regarding the effect of biomass pre-treatment on PHA extraction, Figure 6 shows that
a higher PHA purity was obtained when NaOH digestion was applied to extract PHA from
biomass C (intracellular PHA content of ca. 44%) that had been previously dried at 60 ◦C
for 3.5 days, rather than fresh biomass C (ca. 77% of PHA purity in the former vs. ca. 57%
in the latter). However, Mw results in Table 7 show that drying biomass C prior to NaOH
digestion (sample IV in Table 7) resulted in a major decrease in Mw and increase in PDI
when compared to the application of the same process to fresh biomass C (sample III in
Table 7). Sample III presented a Mw of 2.81 × 105 Da and a PDI of 2.23, whereas sample IV
displayed a Mw of 0.87 × 105 Da and a PDI of 7.12. Lorini et al. (2021) [35] also compared
the Mw of polymers extracted from dried and fresh biomass and reported a 3-fold lower
Mw for the one extracted from dried biomass. In the present study, it is possible that the
drying process resulted in the physical association of the polymer in sample IV with low
reversibility upon dissolution. This would justify the higher crystallinity of this sample
when compared to sample III, as displayed in Figure 9b, and would explain the decrease
in Mw. Considering these results, it is possible to conclude that higher PHA extraction
performance does not guarantee superior polymer quality.

DSC and FTIR results presented in Figures 8 and 9b, respectively, suggest that the PHA
extraction process influences the polymers’ crystallinity. These results are in agreement
with the results obtained by Jiang et al. (2015) [3], which show that chemical treatment and
biomass pre-treatment have an impact on the polymer’s crystallinity.

5. Conclusions

PHA extraction conditions should be adjusted to the properties of each biomass that is
to be processed. In the current study, NaOH and NaClO were tested as green alternatives
to organic solvents for the extraction of PHA from MMC biomass produced at pilot scale
with fruit pulp waste, and the optimal chemical digestion conditions were determined by a
design of experiments methodology. This methodology can be transposed to determine the
optimal conditions for PHA recovery from other types of biomasses, subjected to different
or no pre-treatments, and with different intracellular PHA contents.

High PHA extraction performances were obtained using the optimal digestion condi-
tions for either NaOH (0.3 M, 4.8 h) or NaClO (9.0%, 3.4 h). However, treatments using
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NaClO present the risk of formation of toxic halogenated compounds, hindering their
application at a large scale. On the other hand, sole digestion with NaOH proved to be an
efficient green alternative to chlorinated compounds.

NaClO was similarly efficient for PHA extraction from dry, lyophilized and fresh
biomass, though displaying a slightly lower performance for dry biomass, while for NaOH,
the greatest efficiency was attained for dry biomass and the lowest for fresh biomass.
Digestion of lyophilized biomass with either NaOH or NaClO resulted in negligible loss
of polymer molecular weight. However, biomass drying at 60 ◦C before PHA extraction
resulted in a polymer with a broad molecular weight distribution and a decreased mean
molecular weight. Furthermore, polymer characterization by DSC and FTIR suggested that
its crystallinity is influenced by the applied extraction method.

Intracellular PHA content and biomass concentration were found to strongly influence
the PHA extraction performance, irrespective of the digestion agent used. The higher the
intracellular PHA content, the higher the PHA purity in the extraction products. On the
other hand, when biomass concentration was increased above 20 g/L, the PHA purity of
the extraction products tended to decrease. Thus, a compromise between the efficiency of
polymer recovery/purity and the process productivity (related to the volume of biomass to
be processed) should be considered according to the final polymer application.
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Abstract: Recently, a renewable five-membered lactone containing citronellol (HBO-citro) was syn-
thesized from levoglucosenone (LGO). A one-pot two-step pathway was then developed to produce
a mixture of 5- and 6-membered Lactol-citro molecules (5ML and 6ML, respectively) from HBO-citro.
Proton nuclear magnetic resonance (1H NMR) of a mixture of 5ML and 6ML at varying temperatures
showed that the chemical shifts of the hydroxyls, as well as the 5ML:6ML ratio, are temperature-
dependent. Indeed, a high temperature, such as 65 ◦C, led to an up-field shielding of the hydroxyl
protons as well as a drop in the 5ML:6ML ratio. The monomers 5ML and 6ML were then engaged
in polycondensation reactions involving diacyl chlorides. Renewable copolyesters with low glass
transition temperatures (as low as −67 ◦C) and cross-linked citronellol chains were prepared. The
polymers were then hydrolyzed using a commercial lipase from Thermomyces lanuginosus (Lipopan®

50 BG). A higher degradation rate was found for the polymers prepared using Lactol-citro molecules,
compared to those obtained by the polycondensation reactions of diacyl chlorides with Triol-citro—a
monomer recently obtained by the selective reduction of HBO-citro.

Keywords: sustainability; levoglucosenone; oxa-Michael addition; cross-linkable polymers; renewable
polyesters; biodegradation

1. Introduction

While converting biomass waste into high-performance renewable materials reduces
fossil fuel use and greenhouse gas emissions [1,2], it does not solve the environmental
problems caused by the accumulation of bioplastic waste [3]. Indeed, the prefix “bio” is
likely to be misunderstood by producers/consumers. Bio-based polymers are products
that are partially or fully derived from biomass. However, bio-based polymers can be
either biodegradable or not [4,5]. Biodegradation is the decomposition of a specific material
into final metabolic compounds, such as CO2, through an in vivo or in vitro enzyme-
initiated/mediated mechanism [6]. Thus, not all bio-based polymers are biodegradable.
For these reasons, it is of utmost importance to consider the biodegradation of polymers
obtained from biomass as a primary criterion in the evaluation of the sustainability of
the corresponding materials. Pellis et al. have recently highlighted the synergy between
chemistry and biotechnology to produce new generations of bio-based polymers with
environmental and social benefits [7]. Indeed, the biodegradation of synthesized renew-
able polymers is barely described in the literature. From a general point of view, the
(bio)degradation of a macromolecule/polymer is mainly affected by the following charac-
teristics: optical purity [8], crystallinity [9], molecular weight [10] or chemical structure [11].
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Polyesters constitute a highly versatile class of polymers that meet the market require-
ments in terms of production cost and desirable qualities [12]. For example, polyesters are
widely used for making textiles, such as dress materials [13]. On the other hand, polyesters
are polymers of repeating units containing ester groups that can undergo hydrolysis under
certain circumstances. This facilitates their enzymatic degradation if they are susceptible
to it [14]. The presence of aliphatic moieties in polyesters allows their biodegradability.
Aromatic-containing polymers, such as bio-polyethylene terephthalate (PET) [15], the lead-
ing bioplastic in the market, suffer from their resistance to degradation when accumulated
in the environment. In general, biodegradable aromatic/aliphatic polyesters typically
contain a large fraction of aliphatic ester groups. Above a threshold, which depends on the
properties of each polymer, the presence of aromatic groups decreases, or even suppresses,
the biodegradability [16].

On the other hand, one of the key challenges in the field of sustainable polymers
is to produce renewable materials that can compete with their fossil fuel-based counter-
parts [17–19]. A discussion was recently held to identify the most important topics that
should be addressed over the next 100 years in polymer science [20]. Three major top-
ics were identified: (i) new properties and applications, (ii) new synthetic methods, and
(iii) sustainability. In this context, functional polymers offer great potential to be used
in widespread applications [21,22]. Allcock et al. took advantage of citronellol, a natu-
ral acyclic monoterpenoid found in citronella oil [23], to synthesize polyphosphazenes
containing citronellol side groups, as potential candidates for ligament and tendon tissue
engineering [24]. Hydrolysis experiments in deionized water at 37 ◦C showed a mass loss
of 8–16% and a decrease in molecular weight in the range of 28–88% over 12 weeks. The
same authors prepared polyphosphazenes with pendant amino acid citronellol ester for
biomedical applications [25]. Nevertheless, the synthesis of these functional polymers
requires non-renewable backbone chains (polyphosphazenes) to hold the citronellol chains.
In addition, a chlorine-based hexachlorophosphazene is needed to synthesize polyphosp-
hazenes [26]. Citronellyl, geranyl and neryl methacrylate monomers were also prepared
by Worzakowska [27]. Branched polymers were obtained through the UV-photoinitiated
polymerization of these functional methacrylated monomers at room temperature. Interest-
ingly, among the polymers obtained, poly(citronellyl methacrylate) was the most thermally
stable material [27].

Given our strong expertise in levoglucosenone (LGO), a wood-based functional
molecule produced at the scale of several tons per year [28–30], we have recently be-
come interested in developing not only renewable functional monomers and polymers
from LGO [31–36] but also biodegradation protocols to evaluate the end-of-life of our
in-house corresponding materials. In this context, we recently reported the first fully
renewable citronellol-containing monomers from LGO [34,35]. More precisely, we took
advantage of the α,β-conjugated double bond of LGO to perform the acid-catalyzed [37]
oxa-Michael addition of citronellol (Scheme 1). This step was followed by the in situ organic
solvent-free H2O2-mediated Baeyer-Villiger oxidation to access HBO-citro. From the latter,
fully renewable monomers (Triol-citro and Lactols-citro) were prepared through the selec-
tive reduction of the HBO lactone moiety. Notably, when NaBH4 was used as a reducing
agent, it led to the formation of the tris-hydroxy monomer, Triol-citro. However, when
diisobutylaluminum hydride (DIBAL-H) was adopted, a mixture of 5- and 6-membered
cyclic forms of Lactol-citro (5ML and 6ML) were obtained (Scheme 1) [34]. Indeed, the ring-
chain tautomerism of furanoses (5-membered rings) and pyranoses (6-membered rings) is
very common in sugars [38]. These furanose-pyranose interconversions exist in equilibrium
which led, in our case, to a mixture of Lactol-citro molecules. In our previous work [34],
Triol-citro was selected to prepare renewable polyesters (P1–P4) via its polycondensation
reaction with diacyl chlorides having different chain lengths (m = 1–4, respectively). When
P1–P4 were exposed to Lipopan® 50 BG, a commercial lipase from Thermomyces lanuginosus,
an 80% degradation of P2–P4 was observed after 80 h [34]. Inspired by this work, we
decided herein not only to prepare new fully renewable polyesters (P5–P8) that contain
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two types of lactol rings (5-membered and 6-membered) but also to study and compare the
biodegradation of the newly synthesized lactol-based copolyesters (P5–P8) to that of the
previously reported triol-based polymers (P1–P4). Furthermore, the equilibrium of 5ML
and 6ML was studied by 1H NMR at three temperatures: 25 ◦C, 50 ◦C and 65 ◦C.
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2. Materials and Methods

Chemicals and reagents. Levoglucosenone was graciously provided by Circa group.
Citronellol (Sigma Aldrich, Saint-Louis, MO, USA), diisobutylaluminum hydride (DIBAL-
H) (Acros, Geel, Belgium), malonyl chloride 97% (Sigma Aldrich), succinyl chloride 95%
(Sigma Aldrich), adipoyl chloride 98% (Sigma Aldrich), glutaryl chloride 97% (Sigma
Aldrich), Lipopan® 50 BG (Novozymes, Bagsværd, Denmark) a purified lipase from Ther-
momyces lanuginosus expressed in Aspergillus oryzae, were used as received. NMR solvents,
including CDCl3 and DMSO-d6, were purchased from Cambridge Isotopes Laborato-
ries. HPLC grade solvents were purchased from Thermofisher Scientific, Waltham, MA,
USA, and used as received. Ultra-pure laboratory-grade water was obtained from MilliQ,
18.2 megaOhms. TLC analyses were performed on an aluminum strip coated with Silica
Gel 60 F254 from Merck, revealed under UV-light (254 nm), then in the presence of potas-
sium permanganate staining solution. All manipulations with air-sensitive chemicals and
reagents were performed using standard Schlenk techniques on a dual-manifold line, on a
high-vacuum line.

2.1. Characterization

Nuclear Magnetic Resonance (NMR) spectroscopy. 1H NMR spectra were recorded
on a Bruker Fourier 300 MHz (CDCl3 residual signal at 7.26 ppm and DMSO-d6 residual
signal at 2.5 ppm). 13C NMR spectra were recorded on a Bruker Fourier 300 (75 MHz)
(CDCl3 residual signal at 77.16 ppm and DMSO-d6 residual signal at 39.52 ppm). Data are
reported as follows: chemical shift (δ ppm), multiplicity, coupling constant (J Hz), integral,
assignment. All NMR assignments were also made using 1H-1H COSY, 1H-13C HMBC and
1H-13C HSQC spectra.

Size exclusion chromatography (SEC) was performed at 50 ◦C using an Agilent Tech-
nologies (Santa Clara, CA, USA) 1260 Infinity Series liquid chromatography system with an
internal differential refractive index detector, a viscometer detector, a laser and two PLgel
columns (5 µm MIXED-D 300 × 7.5 mm), using 10 mM Lithium Bromide in HPLC grade
dimethylformamide as the mobile phase at a flow rate of 1.0 mL/min. Calibration was
performed with poly (methyl methacrylate) standards from Agilent Technologies. Typically,
~3 mg of each sample was dissolved in 1 mL of DMF (10 mM LiBr) prior to analysis.
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Thermogravimetric Analysis (TGA) was measured with a TGA Q500 (TA Instruments,
New Castle, DE, USA). Typically, ~2 mg of each sample was equilibrated at 50 ◦C for 30 min
and was flushed with highly pure nitrogen gas. All the experiments were performed with
a heating rate of 10 ◦C/min up to 500 ◦C. The reported values Td5% and Td50% represent
the temperature at which 5% and 50% of the mass is lost, respectively.

Differential Scanning Calorimetry (DSC) was performed with a DSC Q20 (TA Instru-
ments). Typically, ~8 mg sample was placed in a sealed pan, flushed with highly pure
nitrogen gas and passed through a heat-cool-heat cycle at 10 ◦C/min in a temperature
range of −80 ◦C to 100 ◦C. Three heat/cool cycles were done for each sample where the
last two cycles were dedicated to analyzing the heat flow of the sample after being cooled
in controlled conditions. The Tg values recorded in this work are those obtained from the
third cycle.

Fourier-transform infrared spectroscopy (FTIR) was recorded on a Cary 630 FTIR
Spectrometer by Agilent (Wilmington, DE, USA).

2.2. Synthesis of Monomers

HBO-citro (Scheme 2). A biphasic mixture of LGO (50 g, 0.4 mol), citronellol (512 mL,
1.8 mol) and HCl (5 N, 0.6 mol) was stirred at room temperature for 16 h. The resulting
mixture was cooled down with an ice bath followed by the dropwise addition of a 30%
solution of H2O2 (2 mL) for 2 h. After completion of the addition, the reaction was heated
up to 80 ◦C and stirred for 12 h. The presence of H2O2 was evaluated with peroxide strips
and any residual H2O2 was quenched using sodium sulfite. The reaction was extracted with
ethyl acetate (two times). Organic layers were washed with brine, dried over anhydrous
MgSO4, filtered and evaporated to dryness. This step was followed by distillation to remove
excess citronellol. The crude product after distillation was purified by flash chromatography
(gradient 90/10 to 20/80, cyclohexane/ethyl acetate as eluant) to give 62 g of HBO-citro as
a pale-yellow oil (58%).
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Scheme 2. Structure of HBO-citro.

1H NMR (CDCl3), δH: 5.01 (broad t, J = 5.19 Hz, 1H, H13), 4.43 (s, 1H, H3), 4.11 (d,
J = 7.0 Hz, 1H, OH), 3.84 (dd, J = 3.3 and 12.4 Hz, 1H, H4), 3.65 (dd, J = 3.3 and 12.4 Hz, 2H,
H2), 3.39 (m, 2H, H7), 2.81 (dd, J = 7.0 and 18.1 Hz, 1H, H5a), 2.44 (dd, J = 3.3 and 18.1 Hz,
1H, H5s), 1.90 (m, 2H, H12), 1.61 (s, 3H, H15), 1.53 (s, 3H, H16), 1.27-1.07 (m, 4H, H11, H8),
0.82 (d, J = 6.4 Hz, 3H, H10).

13C NMR (CDCl3), δC: 176.7 (C6), 131.2 (C14), 124.6 (C13), 85.9 (C3), 76.1 (C4), 67.6 (C7),
62.1 (C2), 37.1 (C11), 36.5 (C8), 35.9 (C5), 29.3 (C9), 25.7 (C15), 25.3 (C12), 19.4 (C10) 17.6 (C16).

Lactol-citro (Scheme 3). A 1.2 M solution of DIBAL-H (27.5 mL of DCM, 33 mmol)
was added dropwise to a solution of HBO-citro (4.5 g, 15 mmol) in DCM (68 mL) at −50 ◦C.
The reaction mixture was stirred for 30 min at −50 ◦C then quenched with a 20% aqueous
solution of citric acid (30 mL). The reaction was warmed to room temperature then stirred
until the aluminum salt disappeared. Layers were separated and the organic layer was
washed with brine, dried over anhydrous magnesium sulfate, filtered and evaporated to
dryness. The crude product was purified by flash chromatography (gradient 90/10 to
20/80, cyclohexane/ethyl acetate as eluant) to give 3.63 g of Lactol-citro molecules as a
colorless oil (89%).
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Scheme 3. Structures of 5ML (left) and 6ML (right).

The full interpretation of 1H and 13C NMR (DMSO-d6) is provided in Figures S1–S5 in
the Supporting Information (SI).

2.3. Synthesis of Polymers

P5–P8 (Scheme 4). A typical two-step melt polycondensation experiment (run 1,
Table 1) was performed as follows. Under N2 atmosphere, Lactol-citro (500 mg) was
charged into a 10 mL round bottom flask connected to a vacuum line, equipped with a
condensate trap. The flask was cooled down with an ice bath, then 1 equiv. of malonyl
chloride (0.18 mL) was added. The mixture was stirred at room temperature for 19 h. The
temperature was then increased gradually up to 50 ◦C. A high vacuum (10−3 bar) was then
applied for 3 h. Additional polyesters were prepared with this protocol, employing other
diacyl chlorides (succinyl chloride, adipoyl chloride and glutaryl chloride).
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1H and 13C NMR (DMSO-d6) of P5–P8 are provided in Figures S6–S13 in the Supporting
Information (SI).

2.4. Enzymatic Degradation

Before its use, the activity of the enzyme was assessed using the p-nitrophenyl butyrate
colorimetric assay. Absorbance was monitored at 400 nm and the results were compared
with a p-nitrophenol calibration curve. P5–P8 were ground using a spatula to yield pow-
dered polyester samples. 50 mg of the ground samples were placed in 4 sealed vials
containing phosphate buffer (3 mL, 0.05 M) and 10 mg/mL of Lipopan® 50 BG (50 KLU/g).
Lipopan® 50 BG contains lipases from Thermomyces lanuginosus expressed in Aspergillus
oryzae commercially used in bakery. The enzyme concentration was adapted from Alejan-
dra et al. [39] The mixtures were then incubated at the pH and temperature optima for
the enzyme (37 ◦C, pH 7) and stirred gently at 50 rpm for 48 h. The reactions were then
stopped by immersing the tubes in an ice bath. To remove the enzyme, the hydrolyzed
polymers were washed three times with 10 mL of water followed by centrifugation for
10 min at 10 ◦C and 4750 rpm. The resulting products were freeze-dried to remove all
traces of water before being subjected to mass loss measurement and characterization
of polyester enzymatic degradation. All isolated powders were analyzed by 1H NMR,
SEC, DSC and FTIR. Controls were realized for each polymer in phosphate buffer solution
without enzyme and showed no degradation.

3. Results and Discussion
3.1. Lactol-Citro

The synthesis of 5- and 6-membered Lactol-citro (5ML and 6ML, respectively) was
performed from HBO-citro according to a recently reported procedure [34]. It is worth
mentioning that although the reduction of HBO-ctiro is easy to perform, reaction conditions
must be strictly controlled to avoid the formation of Triol-citro (Scheme 1). Anhydrous
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solvents, a nitrogen atmosphere and a short time period (30 min) are all necessary to
promote the complete conversion of HBO-citro to Lactol-citro. Otherwise, in the presence
of a trace amount of water, and for durations longer than 30 min, Triol-citro was observed.
Although the separation of the two products was not possible, two cyclic structures of
Lactol-citro were easily distinguishable by 1H-1H COSY NMR (Figure 1). The major
occurrence (65%) of the more stable 6-membered derivative was observed at 6.11 ppm,
corresponding to OHa group of 6ML. On the other hand, the proton resonance of OH1
at 6.46 ppm identified the percentage of the less stable 5-membered lactol cycle, which
was interestingly found to be 35%. Since the polycondensation using these molecules was
performed in two steps (room temperature under N2 and 50 ◦C under vacuum, vide infra),
we decided to study equilibrium of 5ML 
 6ML interconversions at different temperatures
(25 ◦C, 50 ◦C and 65 ◦C) using 1H NMR. The percentages of each of the 5ML and 6ML
were monitored using the hydroxyl resonances OH1 and H2, and OHa and Hc, respectively.
Figure 2 shows that temperature has an impact on the chemical shifts of the aforementioned
protons; mainly on the hydroxyl peaks that showed an up-field shifting (to the right) when
the temperature was increased from 25 ◦C to 50 ◦C and 65 ◦C. For example, at 25 ◦C, the
chemical shifts of OH1 and OHa are 6.42 ppm and 6.09 ppm, respectively. However, when
the NMR measurement was performed at 65 ◦C, a shift of these two signals to 6.18 ppm
and 5.90 ppm was recorded. Interestingly, when integrating the peaks of H2 and Hc we
found a 3% and 9% increase of 6ML at 50 ◦C and 65 ◦C, respectively. Indeed, the variation
of the 5ML:6ML ratio must be finely monitored during the two polymerization steps (vide
infra)—especially in the presence of highly reactive co-monomers, such as acyl chloride—to
allow the controlled incorporation of the Lactol-citro along the polyester chain. For these
reasons, it is more convenient to carry out the polymerization step at 50 ◦C where only 3%,
towards the formation of the more stable pyranose-like derivative, was obtained.
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3.2. Polycondensation

The potential of Lactol-citro (5ML–6ML) was then investigated in the synthesis of
new renewable functional polyesters. Solvent-free polycondensations were first performed
using aliphatic diacyl chlorides as co-monomers with different chain lengths (m = 1–4)
(Table 1). The first step of the polycondensation was started at room temperature for
19 h. The temperature was then increased to 50 ◦C to allow the polymerization of the
oligomers formed in the 1st step while also controlling the interconversion of 5ML–6ML.
The products isolated in both steps were found to be insoluble in all classical solvents
(e.g., tetrahydrofuran, dioxane, chloroform), except in dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO), where partial solubility was observed. All our attempts to
enhance the solubility of the prepared polyesters were unsuccessful. For example, we tried
to use polymerization methods with solvents (e.g., THF) and base (e.g., pyridine) to control
the condensation reactions of the first step or after oligomer formation. Furthermore, differ-
ent times and temperatures were tested; however, only partially or non-soluble polymers
could be isolated. Nevertheless, such descent solubility was sufficient to characterize the
polymers (vide infra).

The NMR spectra assignment was consistent with the formation of cross-linked
copolyesters. First, after the incorporation of acyl chloride co-monomer, the signals
of the free hydroxyl groups of 5ML and 6ML in the range of 6.47–5.90 ppm and at
4.96 and 4.38 ppm disappeared (SI, Figures S6–S13). Also, the carbonyl groups of the
polyesters formed were clearly detected by 13C NMR in the region of 175.0–169.0 ppm
(SI, Figures S7, S9, S11 and S13 for P5, P6, P7 and P8 respectively). On the other hand, no
presence of H14 and Hm of the citronellol double bond at 5.07 ppm was observed, demon-
strating that the pendent citronellol moieties were possibly cross-linked at a relatively
elevated temperature (50 ◦C) or/and in the presence of diacyl chloride. The crosslinking
was more obvious when analyzing the 13C NMR spectra that showed the complete dis-
appearance of C15, Co and C14, Cn signals at 130.9 and 125.0 ppm, respectively. Indeed,
this thermally-induced and/or acid-catalyzed complete crosslinking was observed regard-
less of the co-monomer chain length (acyl chlorides, m = 1–4). FTIR analysis of P5–P8
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was performed and showed the disappearance of the OH band of the lactol monomers
at 3400 cm−1 as well as the appearance of a carboxyl group band at 1730 cm−1, which
corresponds to the newly formed esters (SI, Figure S15).

Table 1. Two-step polycondensation of 5ML and 6ML with acyl chloride derivatives.
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Run Polymer Mn (kDa) 1 Ð 1 Tg (◦C) 2 Td50% (◦C) 3

1 P5 - 4 - −62 198
2 P6 - 4 - −57 205
3 P7 12.5 1.3 −67 243
4 P8 25.8 1.8 - 210

1 Determined in DMF (10 mM LiBr) at 50 ◦C, only showed the soluble parts of the polymers. 2 Glass transition
determined by DSC. 3 TGA degradation temperature at which 50% (Td50%) mass loss was observed under nitrogen.
4 Completely insoluble in DMF.

Size exclusion chromatography (SEC) was used to measure the number-average
molecular weight (Mn) as well as the dispersity (Ð). The polymers were partially soluble,
or not soluble, in DMF prior to SEC analysis; thus, the results obtained by SEC represent
only the soluble portions of the polymers. The copolyesters obtained from the lactol
derivatives showed a higher Mn than the recently reported Triol-citro-based branched
polyesters (P1–P4), e.g., 25.8 kDa for P8 (run 4, Table 1) vs. 1.6 kDa for the polyester of
Triol-citro and glutaryl chloride (P4). Indeed, this is due to the formation of more complex
and less soluble cross-linked/branched structures when Triol-citro, which contains three
hydroxy groups with different reactivity, was employed.

The thermal analyses of P5–P8 were examined using differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) (SI, Figures S20–S22 and S27–S30, respec-
tively). DSC showed negative glass transition (Tg) values for all polymers. Nevertheless,
it is worth mentioning that P5–P8 showed higher Tg (−57 ◦C to −67 ◦C) than polyesters
prepared using Triol-citro [34] (Figure 3). This confirms the higher mobility/flexibility of
the chains contained within the Lactol-citro based structures. Having Tg values in this
negative range is attractive for applications that require a Tg below body temperature,
such as in the biomedical field. No melting temperature (Tm) was observed for any of
the polymers reported in this study. Moreover, no effect of the chain length of the acyl
chloride was detected. This is probably due to the effect of the citronellol moiety which
outweighs that of the number of carbons in the aliphatic co-monomer unit. This is in
agreement with the formation of a more stable branched structure when the Triol-citro
was engaged [34]. TGA showed that P5–P8 have lower thermal resistance than P1–P4. For
example, P8 exhibited a Td5% of 127 ◦C and a Td50% of 210 ◦C, while those of Triol-citro
polymer (P4) were 170 and 386 ◦C, respectively.
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Figure 3. DSC thermograms of P1–P8.

3.3. Enzymatic Degradation

Given the promising degradation behavior that we have recently seen for the Triol-
based polyesters (P2–P4) [34], we decided to investigate the enzymatic degradation of
P5–P8 following the same procedure in the presence of a commercial lipase enzyme from
Thermomyces lanuginosus (Lipopan® 50 BG, Novozymes®, Bagsværd, Denmark). Indeed,
a lipase-mediated degradation occurs first by a surface erosion process triggered by the
adsorption of the large-sized enzyme on the polymer surface. This step is followed by
the hydrolysis of the ester bonds to form the corresponding oligomers with terminal hy-
droxyl and carboxylic acid. In this study, we were able to monitor the hydrolysis of the
polymers that occurred during the second stage of the degradation process. Specifically, the
hydrolysis of the ester bonds led to the formation of shorter oligomers and/or constituting
monomers (Figure 4), the existence of which can be easily monitored by 1H NMR and FTIR,
as well as by SEC and DSC. Comparison of the initial analyses of the P5–P8 polymers in
Table 1 with the results obtained after treatment with Lipopan® 50 BG (Table 2), demon-
strates the effective enzymatic degradation of the copolymers. It is worth mentioning that
purification of the degraded cross-linked oligomers and (co-)monomers by simple methods,
such as precipitation, was not possible. Nevertheless, due to the presence of hydroxy and
carboxylic acid groups in the products after enzymatic degradation (vide infra), they can
be engaged as a whole in polycondensation reactions; however, this would lead to the
formation of several cross-linked oligomers/polymers with no control of molecular weight
or dispersity.

Due to the low solubility of P5–P8, all our attempts to make films by solvent casting
failed. Thus, we studied the biodegradation using their powder form, which was collected
by grinding at the end of the polymerization reactions. Notably, P5–P8 were degraded at a
significantly higher rate (∼80% mass loss in 48 h) compared to Triol-citro based polyesters
P2–P4 (∼80% mass loss in 96 h). Indeed, a highly cross-linked/branched structure as in
P1–P4, can induce a globular polymer conformation that hinders the accessibility of the
enzyme to the inner surface of the chains and delays/prevents the hydrolysis rate of the
ester bonds. Therefore, in contrast to the polyester of Triol-citro and malonyl chloride (P1),
a successful degradation was observed in the case of P5, as evidenced by the appearance of
hydroxyl vibration band by FTIR. Indeed, the hydrolytic step of enzymatic degradation
is determined by the hydrolysis time for polymers to form into shorter chains and the
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diffusion of water through the material, which can be slowed down in the case of a short
aliphatic co-monomer chain, such as that of malonyl chloride (m = 1) accompanied by more
complex cross-linked structures, as in the case of P1.
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Table 2. Characterization of P5-P8 after enzymatic degradation using Lipopan® 50 BG.

Run 1 Polymer Mn
(kDa) 2

Tg
(◦C) 3

∆Tg
(◦C) 4

1H
NMR 5 FTIR 6

1 P5 0.7 46 108 3 3

2 P6 0.8 55 112 3 3

3 P7 0.8 44 111 3 3

4 P8 0.8 74 - 7 3 3

1 Runs 1–4 are listed, following the same order as Table 1. 2 Determined in DMF (10 mM LiBr) at 50 ◦C.
3 Glass transition determined by DSC, temperature ramp 10 ◦C/min. 4 ∆Tg = Tg(after degradation) −Tg(before
degradation). 5 1H NMR of the hydrolyzed product in DMSO-d6, 3: presence of hydroxyl signals. 6 Infra-red of
the hydrolyzed product, 3: presence of hydroxyl band. 7 No Tg was observed for P8 before degradation.

Examination of the 1H NMR spectra showed the appearance of new peaks in the region
of 5.53–4.59 ppm, which correspond to the hydroxyl protons of the hydrolyzed products
(SI, Figure S14). In agreement with the 1H NMR of P5–P8, FTIR showed the appearance
of a large hydroxyl vibration band at around 3350 cm−1 after enzymatic degradation (SI,
Figure S16). The enzymatic degradation was also checked using SEC to determine the
reduction in Mn (SI, Figures S31–S34). Notably, SEC and DSC also showed a considerable
degradation of P5–P8. For example, a significant decrease in Mn of P7 from 12.5 kDa (run 7,
Table 1) to 0.8 kDa (run 3, Table 2) was observed. The thermal properties of the resulting
hydrolyzed products were also analyzed by DSC (SI, Figures S23–S26). A great variation
of Tg from −67 ◦C to 44 ◦C (∆Tg = 111 ◦C) was registered. Notably, ∆Tg of P5–P8 was
found to be much larger than those recorded for P1–P4 (see Figure 5 for more information).
Such an increase in Tg can be due to a greater number of polymer chain cleavages that
lead to lesser chain entanglement, and in turn a higher degree of crystallinity. The increase
of crystalline portions within the oligomer chains can reduce molecular mobility, which
causes an increase in Tg and, in turn, ∆Tg.
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Figure 5. Glass transition temperature (Tg) of P1–P8 before and after enzymatic degradation (No Tg

was observed for P8 and P2 before and after degradation, respectively).

4. Conclusions

Ring-chain tautomerism of furanoses (5-membered rings) and pyranoses (6-membered
rings) is very common in sugar chemistry. LGO was used as a starting material to produce
new renewable 5- and 6-membered Lactol-citro molecules (5ML and 6ML) with citronellol
side chains. The interconversion of both molecules was studied at a temperature ranging
from 25 ◦C to 65 ◦C and showed the expected higher occurrence of the more stable cycle
(6ML) at higher temperatures.

The polycondensation of the Lactol-citro mixture and aliphatic diacyl chlorides was
then performed in solvent- and catalyst-free conditions. New LGO-derived copolyesters,
with low Tg ranging from −57 ◦C to −67 ◦C, were formed. Furthermore, the analyses
showed that the citronellol chains were unexpectedly cross-linked during polymerization.
The enzymatic degradation of the polyesters, P5–P8, was then investigated in the presence
of Lipopan® 50 BG under the same conditions recently reported for P1–P4 polymers
obtained with Triol-citro and diacyl chlorides (m = 1–4). 1H NMR, FTIR, SEC and DSC
analyses showed a greater tendency to hydrolyze P5–P8 than P1–P4 when a lipase is used.
This was probably due to the formation of a less strained structure when 5ML and 6ML
were engaged, rather than Triol-citro monomer.
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www.mdpi.com/article/10.3390/polym14102082/s1, NMR (Figures S1–S14), FTIR (Figures S15–S19),
DSC (Figures S20–S26), TGA (Figures S27–S30) and SEC (Figures S31–S34).
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Abstract: Biosurfactants synthesized by microorganisms represent safe and sustainable alternatives
to the use of synthetic surfactants, due to their lower toxicity, better biodegradability and biocompati-
bility, and their production from low-cost feedstocks. In line with this, the present study describes
the physical, chemical, and functional characterization of the biopolymer secreted by the bacterium
Burkholderia thailandensis DSM 13276, envisaging its validation as a biosurfactant. The biopolymer
was found to be a glycolipopeptide with carbohydrate and protein contents of 33.1 ± 6.4% and
23.0 ± 3.2%, respectively. Galactose, glucose, rhamnose, mannose, and glucuronic acid were detected
in the carbohydrate moiety at a relative molar ratio of 4:3:2:2:1. It is a high-molecular-weight biopoly-
mer (1.0 × 107 Da) with low polydispersity (1.66), and forms aqueous solutions with shear-thinning
behavior, which remained after autoclaving. The biopolymer has demonstrated a good emulsion-
stabilizing capacity towards different hydrophobic compounds, namely, benzene, almond oil, and
sunflower oil. The emulsions prepared with the biosurfactant, as well as with its autoclaved solution,
displayed high emulsification activity (>90% and ~50%, respectively). Moreover, the almond and
sunflower oil emulsions stabilized with the biosurfactant were stable for up to 4 weeks, which further
supports the potential of this novel biopolymer for utilization as a natural bioemulsifier.

Keywords: biosurfactants; thermostability; emulsion stability; rheology

1. Introduction

Surfactants are surface-active compounds comprising a structurally diverse group of
chemical compounds that include amino acids, carbohydrates, or proteins (the hydrophilic
functional head group) linked to a hydrophobic fatty acid carbon chain [1]. Due to their
amphiphilic nature, surfactants can accumulate at the interface of fluid phases of different
polarity degrees and reduce their surface tension. This particular feature of simultaneously
displaying a high affinity for polar and nonpolar compounds [2] supports the exploitation
of surfactants in a wide range of applications, including the bioremediation of chemical
contaminants, such as oil [3], organic compounds, and heavy metals [4], their utilization
as emulsion-stabilizing agents in food, biomedical, and cosmetic products [5,6], as well as
their use as antibiofilm and antifungal agents [7,8].

Despite the proven efficacy of synthetic surfactants (e.g., sodium dodecyl sulphate
(SDS), sodium lauryl sulphate (SLS), cetyltrimethylammonium chloride (CTAB), and
Triton-X 100) [9], biosurfactants synthesized by microorganisms have gained significant
attention over the last decade, due to the growing environmental concerns associated with
the negative impact of synthetic tensides on ecosystems. Biosurfactants are niche and
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present improved features, such as lower toxicity and better biodegradability and biocom-
patibility than their synthetic counterparts. According to several studies, biosurfactants
are biocompatible with human cells and might find use as fibroblast growth factors [10].
Moreover, they can be produced using low-cost agro-industrial feedstocks, which makes
the processes cost effective and environmentally sustainable [11,12].

Several microorganisms, including bacteria, yeast, and fungi, have been reported to
produce such surface-active molecules, which are secreted by cells, being either extracellu-
lar compounds or remaining attached to microbial cell surfaces [13]. They are classified,
according to their chemical composition, into several classes, including lipoproteins, gly-
colipids, phospholipids, neutral lipids or fatty acids, lipid–polysaccharide complexes, and
other polymeric microbial biosurfactants [14]. They can be further subdivided according to
their molecular weight (Mw). Low-Mw biosurfactants are able to reduce the surface tension
between different phases at low critical micelle concentrations (CMCs), while high-Mw
biosurfactants are better emulsion-stabilizing agents, but are less effective at reducing
surface tension [15]. This last group comprises polymeric biosurfactants, including polysac-
charides, lipopolysaccharides, glycoproteins, or mixtures of such macromolecules [16].
Several microbial genera, including Pseudomonas [17], Acinetobacter [18], Candida [19] and
Meyerozyma [20], have been reported to produce polymeric biosurfactants of different
chemical composition; the most studied are emulsan [18] and liposan [19].

Some biosurfactants were found to be highly stable over a wide range of physicochem-
ical conditions, such as temperature, pH, and/or salinity [21,22]. Many of the surfactants’
applications in the food, pharmaceutical, and cosmetic industries require the formula-
tions to be processed at temperatures above room temperature, with their sterilization or
pasteurization also being performed at high temperatures (150–121 ◦C) [23]. Therefore,
the relevance of thermostable surfactants is of paramount importance. Examples of ther-
mostable polymeric biosurfactants include biodispersan, which is secreted by Acinetobacter
calcoaceticus A2 [18], and Liposan produced by Candida lipolytica [19], which sustain pro-
cessing at temperatures up to 70 ◦C, without significant impacts on their emulsion-forming
and -stabilizing capacities.

In the last decade, a number of Burkholderia species have been exploited as biosur-
factant producers, including B. glumae [24], B. thailandensis [12], and B. plantarii [25], that
synthesize glycolipids with long alkyl chains. To the best of our knowledge, the ability
of B. thailandensis to produce polymeric biosurfactants has not been reported previously,
but some Burkholderia species secrete exopolysaccharides (EPSs) [26], capsular polysaccha-
rides [27], and lipopolysaccharides [28].

This study describes the physical, chemical, and functional properties of a novel
polymeric biosurfactant secreted by the bacterium Burkholderia thailandensis DSM 13276,
namely, its composition, structure, thermal and rheological properties, as well as its surface-
active properties and emulsion-forming and -stabilizing capacities. Furthermore, the
biopolymer’s stability over time and after autoclaving was also assessed.

2. Materials and Methods
2.1. Biosurfactant Production and Recovery

The biosurfactant was produced by cultivation of Burkholderia thailandensis DSM 13276
in Medium E* [29] supplemented with glucose (Scharlau, Barcelona, Spain) (10 g/L) and
terephthalic acid (synthesis grade, Merck) (20 g/L). Cultivation was performed in a 2 L
bioreactor (Jupiter 3, Solaris, Porto Mantovano, Italy) under controlled conditions of pH
(7.0), temperature (30 ◦C), and dissolved oxygen concentration (30% of the air saturation).
After 7 days of cultivation, the broth was collected and centrifuged (13,131× g, 20 min) for
cell removal. The biosurfactant was recovered from the cell-free supernatant (1700 mL)
by diafiltration/ultrafiltration in a crossflow module (Sartocon Slide Holder, Sartorius,
Göttingen, Germany), using a 30 kDa molecular weight cut-off membrane (Hydrosart,
Sartorius, Göttingen, Germany), with a surface area of 0.1 m2. The module was operated in
diafiltration mode by continuously adding fresh deionized water to the supernatant vessel,
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thus maintaining the retentate volume constant (~1700 mL) for the removal of low-Mw
compounds, until the conductivity reached a value below 10 µS/cm. Subsequently, the
module was operated in ultrafiltration mode (water addition to the retentate vessel was
stopped) and the retentate was concentrated to a final volume of 500 mL. The concen-
trated retentate was freeze-dried (ScanVac CoolSafeTM, LaboGene, Lillerød, Denmark) and
3.07 ± 0.69 g of biosurfactant was recovered and stored in a closed vessel.

2.2. Biosurfactant Characterization
2.2.1. Composition

Freeze-dried samples (~5 mg) were dissolved in deionized water (~5 mL) and hy-
drolyzed with trifluoroacetic acid (100 µL, Sigma-Aldrich, St. Louis, MO, USA) at 120 ◦C
for 5 h [30]. The filtered hydrolysate was used to identify and quantify the constituent
sugar monomers by liquid chromatography (HPLC), using a Thermo Carbopac PA10
250 × 4 mm + Aminotrap column (DIONEX ICS3000, equipped with a PAD detector).
The analysis was performed at 25 ◦C, with NaOH (4 mM) as the eluent, at a flow rate
of 1 mL/min. D-(+)-galactose (Fluka), L-rhamnose monohydrate (Fluka), D-glucuronic
acid (Alfa Aesar, Haverhill, MA, USA), mannose (Sigma-Aldrich), and glucose (Scharlau,
Barcelona, Spain) were used as the standards at concentrations between 0.005 and 0.1 g/L.
The anthrone assay [31] was used to estimate the total carbohydrate content of the biosur-
factant. Briefly, about 0.125 mg of anthrone (Sigma-Aldrich) was dissolved in a 97% (v/v)
sulfuric acid (Sigma-Aldrich, HPLC grade) solution in a water and ice bath. The anthrone
solution (2.5 mL) was mixed with 0.5 mL of the biosurfactant solution at a concentration of
1.0 g/L. The samples were hydrolyzed at 100 ◦C for 14 min, and, after cooling to room tem-
perature, their optical density was measured at 625 nm. Glucose solutions (0.005–0.5 g/L)
(Scharlau) were used as the standards.

For total protein content determination, 5.5 mL of the biosurfactant solution (0.9 g/L)
was mixed with 1 mL of 20% (w/v) NaOH (eka, São Domingos de Rana, Portugal) and
placed at 100 ◦C for 5 min. After cooling on ice, 170 µL of CuSO4 5H2O (25%, w/v) was
added, and the solution was agitated. The samples were centrifuged (3500× g, 5 min)
and the optical density was measured at 560 nm [32]. Albumin (Sigma-Aldrich) solutions
(0.05–1.75 g/L) were used as the protein standards. For assessing the presence of lipids
in the biosurfactant, 1 mL of the biosurfactant solution (10 g/L) was mixed with 25 µL of
the cationic dye Nile blue A (Sigma-Aldrich). The solution was visualized by fluorescence
microscopy (BX51, Olympus, Tokyo, Japan). Distilled water was used as a negative control.
The samples’ water content was evaluated by subjecting 50 mg of the biosurfactant to a
temperature of 100 ◦C until constant weight was reached. The total inorganic content was
evaluated by subjecting the oven-dried biosurfactant sample to pyrolysis at a temperature
of 550 ◦C for 24 h [30].

For all analyses, the results were representative of 3–4 independent experiments and
are presented as the mean value ± standard deviation.

2.2.2. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy with diamond ATR (attenuated total
reflectance) was used to collect the spectrum of the samples with a Perkin Elmer Spectrum
Two FT-IR spectrometer (Perkin Elmer Inc., Waltham, MA, USA), equipped with a lithium
tantalate (LiTaO3) detector with an SNR (signal-to-noise ratio) of 14.500:1. The resolution
was 0.5 cm−1 and the number of scans was 8. The samples were placed in the absorbance
chamber and corrected by applying the ATR correction function of the Perkin Elmer
Spectrum software in the region of 4500–500 cm−1.

2.2.3. Molecular Mass Distribution

The molecular number (Mn), average molecular weights (Mw), and polydispersity in-
dex (PDI = Mw/Mn) of the biosurfactant were obtained by size-exclusion chromatography,
coupled with multi-angle light scattering (SEC-MALS). The biosurfactant was dissolved in
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0.1 M Tris-HCl + 0.2 M NaCl (which was also the SEC mobile phase), pH 8.09 buffer, at a
concentration of 2 mg/mL. The SEC columns (PL Aquagel-OH mixed 8 µm; 300 × 7.5 mm),
protected by a guard column (Polymer Laboratory; 50 × 7.5 mm, part no. 1149-1840), were
equilibrated overnight before running the analysis at a flow rate of 1 mL/min at room
temperature. Each analysis was conducted in duplicate. The purity and molecular mass
distribution of the polysaccharide were monitored with MALS and RI detectors. These
data were analyzed with Astra software (V 4.73.04). A dn/dc of 0.190 mL/g was adopted
to calculate the Mw.

2.2.4. Thermal Properties

A thermogravimetric analysis (TGA) was performed using a Thermogravimetric
Analyzer Labsys EVO (Setaram, Lyon, France). The samples were placed in aluminum
crucibles and heated from room temperature to 550 ◦C, with a heating rate of 10 ◦C/min, in
air. The thermal degradation temperature (Tdeg, ◦C) corresponds to the temperature value
obtained for the maximum decreasing peak of the sample mass. A differential scanning
calorimetry (DSC) analysis was carried out in a DSC 131 (Setaram, France). The samples
were placed in an aluminum pan and analyzed at temperatures ranging between 25 and
3000 ◦C, and heating and cooling rates of 10 ◦C/min were imposed.

2.2.5. Rheological Behavior

The apparent viscosity of the samples (biosurfactant aqueous solution, 10 g/L; au-
toclaved biosurfactant solution, 10 g/L; biosurfactant emulsions) was studied using a
controlled-stress rheometer (Anton Paar MCR92, Madrid, Spain) coupled with a plate and
parallel cone geometry. Each sample, 500 µL, was loaded onto the plate and the flow curves
were obtained for a shear rate range from 0.01 to 1000 s−1, at 25 ◦C, with a 5 mm gap setting.
The experimental data in the linear region of the flow curves were fitted using the power
law model [33].

η = K × .
γ
(n−1) (1)

where n is the flow behavior index,
.
γ is the shear rate, η is the viscosity of the solution, and

K is the consistency index.

2.3. Surface-Active Properties

The biosurfactant was dissolved in MilliQ water at concentrations ranging from
0.1 to 5.0 g/L, and the surface tension of the solutions was determined by the pendant
drop method [34] using a tensiometer (Kruss, Advance), at room temperature. The crit-
ical micelle concentration (CMC) was determined by plotting the surface tension as a
function of the polymer concentration, and it was taken as the point where the slope of
the curve abruptly changed. The results were expressed as the mean of three solution
drops ± standard deviation.

2.4. Emulsion-Forming and -Stabilizing Capacities

The emulsification activity (EA) of the biosurfactant was evaluated against three hy-
drophobic compounds, namely, benzene (Sigma Aldrich), as well as almond and sunflower
oils (purchased from a local market). Two milliliters of the biosurfactant solution (10 g/L)
and 2 mL of each hydrophobic compound were mixed in the test flasks. The mixtures were
vigorously vortexed for 1 min and allowed to stand for 24 h at room temperature. The EA
(%) was calculated as follows [30]:

EA =
he

hT
× 100 (2)

where he (mm) is the height of the emulsion layer and hT (mm) is the overall height of
the mixture. Distilled water was used as a negative control, for which no emulsion was
observed, and the chemical surfactant Triton X-100 (10 g/L) was used as a positive control.
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The results were representative of three independent experiments and are presented as the
mean value ± standard deviation.

The emulsions were left at room temperature for 4 weeks to study their stability over
time. The autoclaved biosurfactant solution was used to prepare emulsions against benzene,
as described above, and the EA was determined at 24 h and at 2 weeks. The rheological
properties and the surface tension of the autoclaved biosurfactant solution, as well as the
viscosity of the resulting emulsions, were determined as described above.

3. Results and Discussion
3.1. Biochemical and Structural Characterization of the Biosurfactant

The biosurfactant produced by B. thailandensis had total protein and carbohydrate
contents of 23.0 ± 3.2% and 33.1 ± 6.4%, respectively. Furthermore, the fluorescence
examination after Nile blue staining demonstrated a positive reaction to the presence of
lipidic groups (Figure S1), thus revealing the biosurfactant’s glycolipopeptide nature. The
carbohydrate fraction of the biosurfactant was composed of galactose, glucose, rhamnose,
mannose, and glucuronic acid, in a relative molar ratio of 4:3:2:2:1 (refer to Figure S2
for supporting information on the compositional analysis of the carbohydrate fraction of
the biosurfactant). The same sugar monomers were identified in the composition of the
glycolipopeptide biosurfactants produced by an alkaliphilic bacterium Klebsiella sp. strain
RJ-03, but with different relative sugar monomer contents [35]. Similar macromolecule
profiles were also reported for the glycolipoproteins produced by Lactobacillus plantarum
ATCC 8014 [36], Lactobacillus pentosus CECT-4023T [37], and Stenotrophomonas maltophilia
UCP 1601 [38], which were composed of 14–28% carbohydrate and 12.6–28.2% protein.
To the best of our knowledge, the ability of B. thailandensis to produce glycolipopeptide
biosurfactants has not been documented in the literature.

The freeze-dried biosurfactant had a moisture content of 7.8 ± 0.0% and no ashes
were detected upon incineration of the biosurfactant at 550 ◦C, thus demonstrating that the
extraction procedure was effective in eliminating salts from the sample.

The FTIR spectrum of the biosurfactant (Figure 1A) confirmed the presence of carbo-
hydrates, lipids, and proteins. The presence of aliphatic chains (–CH2 and –CH3 groups) is
suggested by the peaks that appeared at around 2925 cm−1, which can be attributed to the
–CH stretching vibrations [35]. The peak at 3284 cm–1 suggests the presence of stretching
vibrations from the –NH of the peptide portion [39]. Furthermore, the spectrum points
to the presence of stretching vibrations in the transmittance region of 1635 cm−1 (amide I
bond) and 1547 cm−1 (amide II bond), thus confirming the presence of proteins [40]. The
peaks located in the region between 1260 and 1025 cm−1 can be assigned to the ether bond
(C–O) [41], a stretching vibration in sugars, and the glycosidic bonds present in polysaccha-
rides (C–O–C) [41], respectively. Similar FTIR spectra were reported for the biosurfactants
synthesized by other nonpathogenic species, such as Lactococcus lactis CECT-4434 [41],
Lactobacillus pentosus [42], and Corynebacterium kutscheri [43].

The B. thailandensis biosurfactant had an Mw of 1.0 × 107 Da (refer to Figure S3 for sup-
porting information on the SEC-MALS analysis of the biosurfactant), a value that is within
those reported for other polymeric biosurfactants of microbial origin (from 5.0 × 104 Da
to above 1.0 × 107 Da) [44], but higher than the values reported for the glycolipopep-
tides produced by the Klebsiella sp. strain RJ-03 (2.2 × 106–2.7 × 106 Da) [35] and the
proteoglycan-based bioemulsifier produced by the oleaginous yeast Meyerozyma caribbica
(3.0 × 106 Da) [20]. The low PDI value of the biosurfactant (1.66) shows the homogeneity
of the macromolecule’s chain length.

3.2. Thermal Properties

The thermal degradation curve of the B. thailandensis biosurfactant (Figure 1B) dis-
played three mass loss regions. The first degradation step, with a weight loss of around
7%, occurred between 50 and 140 ◦C, and can be attributed to water evaporation [30].
This shows the biosurfactant’s ability to absorb moisture, which is in agreement with the
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sample’s moisture content (7.8 ± 0.0%). The largest mass loss, around 40%, occurred
between 180 and 340 ◦C, and is probably associated with the decomposition of proteins
and polysaccharide side chains [45,46]. At higher temperatures, gradual weight loss was
observed, associated with the third step of thermal degradation, wherein polymer main-
chain scission occurred [47], resulting in a char yield of 33%. A similar profile was reported
for biosurfactants composed of protein and carbohydrate moieties linked to lipids [35].
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Figure 1. (A) FTIR spectrum of the freeze-dried biosurfactant; (B) TGA thermogram (full blue line)
and DSC curves (dotted grey line) of B. thailandensis freeze-dried biosurfactant.

The DSC spectra of the biosurfactant displayed an exothermic peak at 139 ◦C, which cor-
responds to the first degradation step observed in the polymer’s TGA analysis (Figure 1B),
attributed to water evaporation. The spectrum also displays an endothermic peak at 255 ◦C
(Figure 1B), which corresponds to the thermal degradation of the proteins and polysaccha-
ride side chains of the polymer, as shown by the TGA thermogram.

3.3. Rheological Behavior

The B. thailandensis biosurfactant aqueous solution (10 g/L) displayed non-Newtonian
fluid behavior with shear-thinning properties (Figure 2A), with the viscosity decreasing for
increasing shear rates. This behavior is typical of high-molecular-weight polymers, and is
frequently reported for biosurfactant solutions [48–50]. It occurs due to the reduction in
intermolecular interactions between polymer chains, as a consequence of their alignment
in the flow direction [51]. The solution presented apparent viscosity of 7.12 Pa.s, at a shear
rate of 0.01 s−1, with a flow behavior index (n) of 0.44, which is in agreement with its shear-
thinning behavior (0 < n < 1) [52], and a consistency index of 1.97, according to the power
law model (refer to Figure S4 for supporting information on fitting the power law model).

3.4. Surface-Active Properties

As shown in Figure 3, the surface tension decreased as the biosurfactant’s concentra-
tion increased from 0.1 to 1.0 g/L, remaining unchanged for higher concentrations. The
corresponding CMC was roughly 0.84 g/L, which is within the values reported for other
biosurfactants (1.0 mg/L–2.0 g/L) [53]. The B. thailandensis biosurfactant outperforms syn-
thetic surfactants such as SDS [40] and SLS [54], which display CMC values of 2.0–2.9 g/L,
as well as the biosurfactant glycolipoprotein produced by a Bacillus sp. isolated from corn
steep water, with a reported CMC value of around 1.81 ± 0.21 g/L [10].
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Figure 3. Surface tension of B. thailandensis biosurfactant solutions at concentrations ranging from
0.1 to 5.0 g/L and images of the biosurfactant’s emulsions with almond oil (A), sunflower oil (C),
and benzene (E), after standing for 24 h. The chemical surfactant Triton X-100, at the same concentra-
tion, was used to prepare emulsions with the same hydrophobic compounds (B,D,F, respectively)
for comparison.
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At the CMC, the B. thailandensis biosurfactant lowered the water’s surface tension
to 40.31 ± 0.26 mN/m. This value, which corresponds to the surfactant effectiveness, is
higher than those defined for good surfactants (25–30 mN/m) [55,56], but it is similar to
those reported for a number of microbial biosurfactants, including the long-chain fatty
acid anionic biosurfactants produced by the bacterium M87 Microbacterium sp. (around
40 mN/m) [57], the glycolipids produced by Arthrobacter sp. DSM2567 (40 mN/m) [58],
the lipopeptides produced by Bacillus sp. isolates (39.3 ± 0.6 and 37.7 ± 0.6 mN/m) [10],
and the glycolipopeptide produced by Klebsiella sp. (40.36–69.09 mN/m) [35]. On the
other hand, polymeric biosurfactants, such as glycolipoproteins, despite not significantly
lowering the water’s surface tension, are generally more effective in the formation and
stabilization of emulsions [15].

3.5. Emulsion-Forming and -Stabilizing Capacities

The emulsion-forming and -stabilizing capacities of the B. thailandensis biosurfactant
were evaluated against three organic phases, namely, benzene, almond oil, and sunflower
oil (Figure 3). For comparison, emulsions were also prepared with the chemical surfactant
Triton X-100. As shown in Figure 3A,C,E, the B. thailandensis biosurfactant was able
to strongly emulsify all the tested hydrophobic compounds, with high EA values, as
follows: 92.0 ± 4.1% and 93.3 ± 0.2% for the almond and sunflower oils, respectively, and
100.0 ± 0.0% for benzene. These results show that the biopolymer is a good emulsifier
(EA ≥ 50%) [59]. Moreover, for all the tested compounds, the biosurfactant outperformed
Triton X-100 (Figure 3B,D,F), as shown by the lower EA values observed for the Triton X-100
stabilized emulsions, as follows: 60.4 ± 2.0%, 55.4 ± 0.2%, and 43.9 ± 0.2% for almond oil,
sunflower oil, and benzene, respectively. Similar results were reported by [60] for emulsions
with oleic acid stabilized by jatropha oil-derived sophorolipids, which performed better
than Triton X-100. Considering the fact that a stable emulsifier is able to maintain 50%
emulsion of its original emulsion volume 24 h after its formation, the B. thailandensis
biosurfactant has demonstrated good potential for advantageously replacing Triton X-100
in its applications as a surface-active agent, such as, for example, in the bioremediation of
contaminated soils [3], or as an emulsifier for food and cosmetic products [5,6].

The sunflower emulsions stabilized with the B. thailandensis biosurfactant exhibited
non Newtonian fluid behavior (Figure 2B), similar to that of the biopolymer’s aqueous
solution (Figure 2A), but with a significantly higher apparent viscosity (62.84 Pa.s, measured
at a shear rate of 0.01 s−1) than the biosurfactant’s solution (7.12 Pa.s). Concomitantly,
the emulsion’s consistency index was also significantly higher (8.55) than that of the
biosurfactant’s solution (1.97). Furthermore, the emulsion was more shear thinning, as
shown by its flow behavior index (0.33, compared to 0.44 for the biosurfactant’s solution)
(refer to Figure S4 for supporting information on fitting the power law model).

The emulsions prepared with the almond and sunflower oils were stable for 4 weeks,
with their EA being practically unchanged (Figure 4). This stability could be due to
the uronic acid and proteinaceous components of the B. thailandensis biosurfactant, since
they have the capacity to adsorb at the oil/water interface and, consequently, develop a
viscoelastic layer surrounding the lipid droplets, preventing coalescence and flocculation
of the droplets in the dispersant phase [35,61]. Similar results were obtained by [62,63],
which suggested that emulsions formed between lipopeptide biosurfactants and long-chain
hydrocarbons (e.g., diesel) possess higher stability.

3.6. Thermal Stability

The thermal stability of the B. thailandensis biosurfactant was evaluated by expos-
ing the biopolymer in an aqueous solution to a temperature of 121 ◦C in an autoclave
(0.98 bar) for 20 min. Interestingly, the treated solution maintained its shear-thinning
behavior, with a slight increase in the flow behavior index value (0.46) compared to the
untreated biosurfactant solution (0.44) (refer to Figure S4 for supporting information on
fitting the power law model). The thermally treated biosurfactant also maintained a surface
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tension value of 40.36 ± 0.5 mN/m, which was identical to that of the untreated solution
(40.31 ± 0.26 mN/m), thus confirming its thermal stability.

The emulsifying ability of the treated biosurfactant, on the other hand, was negatively
affected, with a reduction in the EA to 50.5 ± 0.9%, which is around half of the value
observed for the non-treated biosurfactant (100.0 ± 0.0%). Different biosurfactants (e.g.,
glycolipids) also showed a slight decrease in the emulsifying capacity after heat treatment
at similar temperatures [64]. Nevertheless, the value is still within the range reported
for good EA (≥50%) [59]. Moreover, Triton X-100 also suffered a similar reduction in its
emulsification ability, as the EA of the emulsions stabilized with the autoclaved compound
also reduced from 43.9 ± 2.1% to 33.4 ± 5.2%. These results underline the potential of
the B. thailandensis biosurfactant for use, for example, in the food industry, in which the
temperatures are elevated during processing or the final product is consumed.
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4. Conclusions

The glycolipopeptide biosurfactant secreted by Burkholderia thailandensis DSM 13276
was demonstrated to possess valuable surface-active properties, namely, a low CMC and
high EA for almond and sunflower oils, and for benzene. Moreover, the biosurfactant
showed good thermostability, with a thermal degradation temperature above 200 ◦C, and
the ability to maintain stable rheological and surface-active properties, as well as good
EA after exposure to elevated temperatures and pressure. These findings support the
utilization of the B. thailandensis biosurfactant as an emulsion-forming and -stabilizing
agent in food and/or cosmetic products/processing, and for bioremediation.
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Abstract: The purpose of this work is the synthesis of adipic acid ester and the study of the possibility
of its use as a PVC plasticizer. The resulting butyl phenoxyethyl adipate was characterized by
Fourier-transform infrared spectrometry, thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). The compatibility, effectiveness and plasticizing effect of butyl phenoxyethyl
adipate in comparison with dioctylphthalate (DOP) were determined. The new environmentally
friendly plasticizer has good compatibility with PVC and high thermal stability. The effectiveness of
the plasticizing action of adipate based on the glass-transition temperature was 132.2 ◦C in relation
to pure PVC and 7.7 ◦C in comparison to compounds based on DOP. An increase in the fluidity of
the melt of polyvinyl chloride (PVC) compounds in the temperature range of 160–205 ◦C by 19–50%
confirms a decrease in the energy intensity of the processes of manufacturing and the processing of
polymer materials containing a new additive.

Keywords: adipate; effective plasticizer; environmentally friendly; esterification; polyvinyl
chloride; technological

1. Introduction

Modern polymeric materials are high-quality substitutes for natural raw materials
with valuable qualities, many of which are not inherent in natural materials. For this reason,
polymeric materials are widely used and are reliably and effectively used in almost every
sector of the world economy. The cumulative global production of polymer materials since
the 1950s is 8.3 billion tons [1]. Plastic production over the past 13 years has totaled more
than 300 million tons annually [2].

It is also important that the use of polymers contributes to the low-carbon development
of the economy [3,4]. For example, plastic wrap films are lighter and more packable, which
means less energy consumption and a smaller carbon footprint [5]. The amount of carbon
dioxide emissions during the production (kg of CO2 per 1 kg of products) of an aluminum
can is 11.4 and that of PVC is 4.4 [6,7]. Plastic is an element of a circular economy, and its
use allows the spending of resources more economically [8–14].

However, despite the enormous economic effect that is achieved when polymer mate-
rials are introduced into industry and everyday life, the environmental safety of their use is
of great importance [15,16].

Currently, the composition of polymer materials includes various chemical additives
that are systematically released during the manufacture, processing and operation of
products, polluting the environment and possibly penetrating into the human body [17–19].

To reduce their negative impact, it is necessary to ensure the environmental safety of
polymeric materials when creating plastics and when developing technological regulations
using non-toxic additives [20,21].

Today, polyvinyl chloride in terms of consumption takes third place after polyethy-
lene and polypropylene; therefore, the development and use of environmentally friendly
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biodegradable additives for these polymers is relevant, which contributes to solving the
urgent problem of environmental pollution with plastic waste [22].

Renewable sources based on plant materials or their production waste to be utilized as
fillers for regulating the biodegradability of polymer composite materials are an alternative
for the development of economically and environmentally attractive technologies [23].
However, such polymer composite materials are inferior in physical, mechanical, tech-
nological and operational characteristics to traditional polymers. For this reason, it is
advisable to modify polymer compositions using plasticizers capable of serving as a source
of organic substances for microorganism-destructors under ambient conditions [24,25].

The expansion of applications for plasticizers since the 1960s has contributed to the
search for new competitive additives [26]. In market conditions, phthalate plasticizers
turned out to be the most economical and in demand [27]. According to expert data, in 2019,
the capacity of the global market of plasticizers is about 8 million tons [28]. Of these,
the phthalate-free market constitutes 35% of the total [29]. Among diester plasticizers,
phthalates occupy more than 80% of the market [30].

DOP takes first place in terms of production and consumption [31]. DOP has optimal
plasticizing properties at a low cost and is the main standard by which other plasticizers
are compared.

However, due to the migration of DOP from polymer products and its identified
toxicity, the share of consumption of this plasticizer tends to gradually decrease.

The demand for phthalate-free plasticizers around the world is gradually increas-
ing. Among phthalate-free plasticizers, adipic acid esters are in the lead in terms of
consumption [32].

For this purpose, it is possible to use biodegradable plasticizers in the formulations
of PVC compositions, for example, esters of adipic acid [33,34]. In numerous works, the
biotoxicity and the period of biodegradation of the industrial adipate plasticizer DOA were
investigated, and it was shown that this additive for PVC is non-toxic to various types of
living microorganisms and that the period of its biodegradation is 6 months [35].

The relevance of the transition to green technologies contributes to the expansion of
research on the production of adipic acid from raw materials on a biological basis using
chemical and/or biological processes [36–39]. The industry of end users of adipic acid is
increasingly inclined towards the use of bioadipic acid [40].

Plasticizers based on other acids are known and used [41], for example, citrates [42],
but the cost of their production is much higher [43].

Esters of succinic acid are a renewable resource, which makes them an attractive
promising starting material for industrial production [44]. For this reason, succinates are
increasingly replacing terephthalic acid esters [45]. Test results have shown that the plasti-
cizing properties of succinates improve with an increase in the length of the hydrocarbon
chain, while the biodegrading properties deteriorate [46,47].

Trimellitates are somewhat inferior to phthalate plasticizers in terms of frost resistance
of plastic compounds [48].

The consumption of epoxy plasticizers has increased in recent years due to the avail-
ability of vegetable oils [49]. Three oils are mainly used as raw materials for production:
soybean, linseed and tall oil [50]. These plasticizers are not fluid, increase resistance to heat
and ultraviolet light, have low migration and low toxicity and increase the frost resistance
of the material, and, with increases in the content reduce the stability of film properties in
a humid atmosphere and sweat with increasing temperature. As a rule, they are used in
conjunction with small amounts of low-molecular-weight plasticizer.

Known plasticizer based on castor oil, which is gradually hydrogenated, esterified and
acetylated to obtain triacetylated monoglyceride ester. The disadvantage of using castor
oil as a feedstock is that products based on it are more expensive than phthalates, and the
world supply of castor oil is limited [51].

Another type of natural-product-based plasticizer is acetylated soybean oil [43]. Tech-
nology converts epoxy groups in epoxidized oil into esters of vicinally diacetylated fatty
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acids. The technology can potentially be expanded to produce a variety of similar epoxy
plasticizers [52].

Another example of the use of natural raw materials is the creation of bioplasticizers
based on sucrose esters, which are also a renewable resource. Their content in molasses,
a waste product of sugar beet production, is approximately 45%. In addition to the plasti-
cizing effect, esters of sucrose and fructooligosaccharides have an antimicrobial effect [53].
Sucrose palmitate and glucose hexanoate were studied as bioplasticizers [54]. The esters
showed good miscibility with PVC and good plasticization efficiency, as well as good me-
chanical properties in the form of higher strain at break and a lower modulus of elasticity.

Methods for processing polymer composite materials are characterized by high manu-
facturability, productivity, a high degree of automation, minimum energy consumption
and the ability to manufacture several products of complex shape in one molding cycle [55].
The achievement of the desired characteristics of polymer composite materials is primarily
determined by the type, quantity and ratio of components.

Taking into account the above factors, the development of environmentally friendly
additives that contribute to the high manufacturability, productivity and minimal en-
ergy consumption of the processing and manufacturing of polymer composite materials
is relevant.

In addition, it is important that the resulting additives contribute to solving the
environmental problem of plastic pollution and render polymers biodegradable.

The introduction of plasticizers into the PVC composition formulation promotes a
targeted change in the structure and properties of the polymer, which definitely leads to
an improvement in the rheological and physicomechanical characteristics of the resulting
compound: strength, frost resistance and brittleness, hardness, melt flow rate, impact
strength and manufacturability, as well as thermal, electrophysical and other properties
of polymers [56,57]. According to the studies, the manufacturability of PVC composite
processing is evaluated according to the rheology of the melts. A fairly reliable and
widespread method in practice is to determine the processability of polymers by the value
of the melt flow rate (MFR). This indicator allows the establishment of a temperature range
for the processing of the polymer composition and provides the necessary conditions for
its implementation.

In this regard, when developing new environmentally friendly plasticizers, it is impor-
tant to determine their effect on the processing of polymer composite materials. In order
to create resource- and energy-saving technologies, additives are needed to ensure these
characteristics. Therefore, in this work, technologically important characteristics of the
developed plasticizers were studied: thermal stability, compatibility and rheology.

2. Materials and Methods
2.1. Starting Materials

Adipic acid was purchased from Radici Group, Selbitz-Hochfranken, Bavaria, Ger-
many. Butanol and phenol were purchased from The Company «Rearus», Moscow, Russia.
Ethylene oxide was purchased from ECOTECH Chemical Components Plant, Moscow,
Russia. Sodium hydroxide was purchased from Joint Stock Company “Caustic”, Sterlita-
mak, Russia, it is a white solid with a main substance content of 98.2%. P-Toluenesulfonic
acid was purchased from Component-Reagent, Moscow, Russia, it is a white solid with a
main substance content of 95%. Toluene was purchased from Public Joint-Stock Company
“Joint-Stock Oil Company Bashneft”, Ufa, Russia. It is a colorless liquid with a characteristic
smell and a main substance content of 99%. Suspension polyvinyl chloride (PVC) (Joint
Stock Company “Caustic”, Russia, Sterlitamak): industrial samples of PVC 7059M.

2.2. Synthesis Methods
2.2.1. Synthesis of Phenoxyethol

A calculated amount of phenol and sodium hydroxide catalyst was loaded into a
round-bottomed chemical reactor equipped with a thermometer, magnetic stirrer, reflux
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condenser and a special device for introducing ethylene oxide into the prepared reac-
tion mass.

The reaction mixture was heated to 130 ◦C and then purged with nitrogen to remove
air. Further, with a working magnetic stirrer, the prepared ethylene oxide was gradually
introduced. The required ethylene oxide feed rate was adjusted accordingly, so that the
unreacted oxide condensed in the reflux condenser and was returned to the chemical
reactor without flooding. After feeding all of the required amount of ethylene oxide,
the temperature of the reaction mixture was maintained in the specified range for another
1–1.5 h and then gradually cooled to room temperature.

The catalyst was neutralized with a calculated amount of sulfuric acid, and the result-
ing mass was filtered. Then a fraction was distilled from the reaction mixture, boiling at
50 ◦C at 10 mm Hg.

2.2.2. The Synthesis of Butyl Phenoxyethyl Adipate

Butyl phenoxyethyl adipate was obtained by the sequential esterification of adipic
acid. Initially, solvent (150 mL), adipic acid (146 g, 1 mol) and alcohol (1 mol) were loaded
into the reactor in a 1:1 ratio. The the heating was turned on. The required amount of
catalyst was added (1% by weight). The reaction mass was bubbled with an inert gas.
The heating of the reaction mixture continued for 1 h. Phenoxyethanol (1.2 mol) was then
added, and heating continued for another 2 h. The reaction was monitored by the acid
number of the esterificate and the amount of released water. The reaction mixture was
cooled, and the target ester was isolated.

2.3. Methods of Analysis
2.3.1. Analysis of Physicochemical Parameters of Butyl Phenoxyethyl Adipate

An analysis of physicochemical characteristics was carried out in accordance with
the regulatory requirements for plasticizers [58,59]. For this, the following indicators were
determined: acid number, ester number and density.

2.3.2. Characterization of Butyl Phenoxyethyl Adipate

An analysis was performed by FTIR spectroscopy on an FTIR-8400S FTIR spectrometer
(Shimadzu, Kyoto, Japan). For this, KBr tablets were prepared according to the standard
procedure. The IR absorption spectra of the target product were recorded in the range
3700–450 cm−1 at room temperature. The resolution was 4 cm−1, and the number of scans
was 20.

2.3.3. High-Performance Liquid Chromatography

The study of the resulting product was carried out using HPLC (LC-10 from SHI-
MADZU, Kyoto, Japan) in reverse phase mode. A model refractometric detector (RIDK
101, Prague, Czech Republic) was used as a detector. To separate the components, columns
(150 × 4.6 mm) filled with Separon-C18 sorbent (particle size 5 µm) were taken. Separation
was carried out in an acetonitrile-water eluent system taken in a 67/33 volumetric ratio.
The flow rate of the eluent was 0.5 mL/min. The volume of injected samples was 10 µL.
Quantitative analysis was performed using the absolute calibration method. Calibration
solutions contained adipic acid, alcohols and esters.

2.3.4. Determination of PVC Compatibility with Plasticizer

This indicator was evaluated by the critical temperature of thedissolution of the syn-
thesized ether in polyvinyl chloride. For this, 0.5 g of polymer was mixed with 5 g of
plasticizer, and the mixture was gradually heated at a rate of 2 ◦C per minute, and the
change in the appearance of the contents of the test tube was visually determined. The criti-
cal dissolution temperature was taken as the temperature at which PVC was completely
dissolved in the studied plasticizer and the solution became transparent. The indicator was
calculated as the average value of at least three measurements.
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2.3.5. Thermogravimetric Analysis of Butyl Phenoxyethyl Adipate

Themoanalytical studies were carried out on a TGA/DSC-1 thermal analysis device
(Mettler Toledo, Uster, Switzerland).

The thermal stability of the product was investigated in a dynamic mode at a constant
heating rate of 5 deg/min in the temperature range from 25 to 500 ◦C in air. For the
experiment, the weight of the weighed portion of the sample was 5–10 mg. Crucibles with
a volume of 100 µL were made of aluminum oxide. The results were processed using
a computer.

2.3.6. Differential Scanning Calorimetry of Butyl Phenoxyethyl Adipate

DSC analysis of the product was performed on a DSC-1 instrument (Mettler Toledo,
Uster, Switzerland).

The analysis was carried out in the temperature range from −50 to 150 ◦C in air in a
dynamic mode with a constant heating/cooling rate of the sample—10 deg/min. To carry
out the analysis, crucibles made of aluminum with a volume of 40 µL were used, which
with a sample weighing 4–8 mg was sealed with a lid using a press. The results were
processed using a computer. The final cooling temperature of the sample was −100 ◦C.

2.3.7. Determination of Glass Transition Temperature

The glass transition temperatures of PVC composites containing the developed plasti-
cizers were determined by differential scanning calorimetry on a device DSC-1 (Mettler
Toledo, Uster, Switzerland).

The glass-transition temperature was determined by DSC on a DSC-1 instrument
(Mettler Toledo) in dynamic mode at a constant heating rate of 2 K/min. The analysis
was carried out in the temperature range from –100 to 100 ◦C in air. The mass of the
sample taken for measurements was 4–8 mg. For the analysis, aluminum crucibles with
a volume of 40 µL were used. A weighed portion of the sample was placed in a crucible
and sealed with a lid using a press. After quenching at 90 ◦C for 5 min, the sample was
heated to 100 ◦C at a rate of 2 ◦C/min. The first heating cycle was used to remove any
heat history. The glass-transition temperature of the polymer was determined from the
DSC curve obtained in the second heating cycle of the sample using the supplied software.
Using the tangent method, the middle of the bend (step) on the curve was determined,
which was taken as the glass-transition temperature.

To assess the effect of the synthesized ether on the glass-transition temperature, PVC
composition were made: 50 parts by weight of plasticizer per 100 parts by weight of PVC.
The composition of the plasticizer was, in ppm, DOP: 83.3 and adipate plasticizer: 16.7.

2.3.8. Determination of the Melt Flow Rate

The melt flow rate (MFR) was estimated by capillary viscometry using an IIRT-AM
plastometer (International Standard 1133-1:2011(E)). The MFR value corresponds to the
mass of the polymer in grams flowing out of the capillary (capillary 8 mm long, 2.09 mm in
diameter) of the device in 10 min at a certain temperature and pressure. The MFR of PVC
composites was measured in the temperature range 160–205 ◦C at a load of 49N. A total
of 4–5 g of the investigated PVC composition was introduced into the device heated to
a predetermined temperature and kept under pressure for 5 min, then the capillary was
opened, carrying out the outflow of the composition melt.

To measure the MFR parameter, at least five extruded segments of the composite were
used, cut off at certain equal time intervals. The mass of the obtained extruded sections
with an error of not more than 0.0001 g was measured after they were cooled. The value of
the MFR parameter was calculated by the Equation (1):

MFR = (m ∗ 600)/t (1)

179



Polymers 2022, 14, 1888

where m—average mass of extruded segments, g; t—time interval between two consecutive
cutoffs of segments, sec.

3. Results
3.1. Synthesis of Ethoxylated Alcohols

Phenoxyethanol was obtained by the reaction of ethylene oxide with phenol at an
equimolar ratio.

In appearance, ethoxylated phenol of the composition C6H5O(CH2CH2O)H is a trans-
parent liquid. Subsequently, phenoxyethanol was used to synthesize the target ester.
Phenoxyethanol is a colorless oily liquid. The yield was 89% of the theoretical maximum.

The phenoxyethanol had a degree of ethoxylation n = 1: density—1.1007, refractive
index—1.5314, molecular weight (calculated)—138, reaction time—1.3 h.

3.2. The Synthesis of Phenoxyethyladipate

The synthesis was carried out according to Scheme 1.
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Scheme 1. Synthesis of butyl phenoxyethyl adipate. Where R1 = [CH2–CH2–O]–C6H5, R2 = Butyl.

The resulting ether is the light clear liquid.
The yield of butyl phenoxyethyl adipate was 279.2 g (86.7% of the theoretical maximum).
The physicochemical properties of butyl phenoxyethyl adipate are presented in Table 1.

Table 1. Physicochemical properties of butyl phenoxyethyl adipate.

Ester
Indicators

Molecular Weight Acid Number,
mg KOH/g

Ester Number,
mg KOH/g d20

4

Butyl phenoxyethyl adipate (BPEA) 322 0.1 345 1.0510

3.3. IR Spectra

In the synthesized compound, the stretching vibrations of the carbonyl group are
shifted to the high-frequency region and are reflected in the spectrum as a strong character-
istic band in the region of 1735 cm−1 (Figure 1). There are absorption bands characteristic
of the vibrations of the C–O–C ester fragment in the region of 1156 cm−1.

The spectrum of butyl phenyloxyethyl adipate lacks an absorption band in the range
of 1685–1687 cm−1, which is characteristic of the stretching vibrations of the carbonyl group
in associates of aliphatic carboxylic acids.

3.4. Determination of the Compatibility of Butyl Phenoxyethyl Adipate with PVC

For the plasticizer butyl phenoxyethyl adipate, which is a free-flowing solid product,
the studies were carried out using a mixture as a plasticizer in the following ratio: DOP
at 5 parts by weight and adipate ester at 1 part by weight. When determining the critical
dissolution temperature, 0.05 g of PVC was dissolved in 5 mL of the mixture. The research
results are shown in Table 2.
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Table 2. The results of determining the critical temperature of dissolution of PVC resin in
the plasticizer.

Name
Indicators

Tcr, ◦C A, %

DOP 112.5 -

DOP + BPEA 101 111.4

The compatibility of the plasticizer with PVC resin was determined by the formula:

A = TDOP/Tcr·100%, (2)

where TDOP is the critical temperature of dissolution of the plasticizer in DOP, and Tcr
is the critical temperature of the dissolution of PVC resin in a mixture of the investigated
plasticizer with DOP.

3.5. TGA of Butyl Phenoxyethyl Adipate

In the course of thermal analysis, a sample of an industrial plasticizer, dioctyl phthalate,
was used as a comparison.

To assess the thermal stability of the synthesized adipate according to the TGA ther-
mogram, the following parameters were determined (Figure 2, Table 3):
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Table 3. Results of thermogravimetric analysis of plasticizer.

Name Tb, ◦C Tmelt, ◦C Tmax, ◦C ∆m180, % Td, ◦C

DOP 132 - 285 1,0 467

BPEA 99 87 321 0.9 499

Tb—temperature corresponding to the beginning of the decrease in the mass of the
sample upon heating;

∆m180—reduction of the sample weight when heated to a temperature of 180 ◦C,
corresponding to the temperature range of processing PVC compositions;

Tmax—temperature of the maximum decomposition rate of the sample;
Td—decomposition temperature.

3.6. DSC Analysis of Butyl Phenoxyethyl Adipate

In the course of thermal analysis, a sample of an industrial plasticizer dioctyl phthalate
was used as a comparison.

Melting and crystallization temperatures were determined for butyl phenoxyethyl
adipate, which is a solid product, from the DSC curves shown in the thermograms (Figure 3,
Table 4).

Polymers 2022, 14, x  9 of 17 
 

 

 

Figure 3. DSC thermogram of the BPEA. 

3.7. Determination of the Glass-Transition Temperatures of PVC Compositions 

The transition of a polymer from a glassy to a highly elastic state is accompanied by 

an increase in the heat capacity of the polymer, which is reflected in the form of a char-

acteristic break (step) on the DSC curve (Figure 4). The glass-transition temperature was 

found by the tangent method along the middle of the step corresponding to this transi-

tion. 

 

Figure 4. DSC thermogram of a PVC composition containing BPEA. 

Figure 3. DSC thermogram of the BPEA.

Table 4. DSC results of adipate ester.

Name Tmelt, ◦C ∆Hmelt, J/g Tcryst, ◦C ∆Hcryst, J/g

BPEA 87 -113 12 112

3.7. Determination of the Glass-Transition Temperatures of PVC Compositions

The transition of a polymer from a glassy to a highly elastic state is accompanied by an
increase in the heat capacity of the polymer, which is reflected in the form of a characteristic
break (step) on the DSC curve (Figure 4). The glass-transition temperature was found by
the tangent method along the middle of the step corresponding to this transition.
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Table 5 shows the results of a study of the effect of plasticizers on the glass-transition
temperature of PVC compositions.

Table 5. Influence of plasticizers on the glass-transition temperature of PVC.

Composition Glass-Transition
Temperature, ◦C ∆Tgt, ◦C

PVC 87 -

PVC + DOP (I) −37 125

PVC + DOP + BPEA (II) −45 132

3.8. Determination of the Rheological Characteristics of PVC Composition with BPEA

To assess the rheological properties of plasticized PVC composites, we used the melt
flow rate (MFR) of the polymer, which is widely used in practice to characterize the
processability of polymer materials and select a processing method. The studies were
carried out on an IIRT-AM device in the temperature range of 160 to 205 ◦C.

The rheological properties of PVC-compositions containing mixtures of the DOP plas-
ticizer with the developed adipate of various compositions were studied. When preparing
the PVC composition, a mixture of plasticizer was used in the ratio of DOP:adipate 5:1 (wt.).

Initially, the effect of temperature on the MFR of PVC compositions of the following
composition (ppm) was investigated: PVC: 100, plasticizer: 100 and tribasic lead sulphate:
1. The composition of the plasticizer was, in ppm: DOP of 83.3 and adipate plasticizer of
16.7. The used load was 49N (Figure 5).
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Figure 5. Dependence of the MFR of PVC composition on temperature. I, II—Symbols of plasticizers
(Table 5).

Then the rheological characteristics of the PVC composition were studied (ppm): PVC:
100, plasticizer: 50 and tribasic lead sulphate: 1. The composition of the plasticizer, in ppm,
was DOP of 83.3 and adipate plasticizer of 16.7. The used load was 49 N (Figure 6).
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We also studied the rheological characteristics of the PVC composition of the composi-
tion, in ppm: PVC of 100, plasticizer of 39 and tribasic lead sulphate of 1. The composition
of the plasticizer was, in ppm: DOP of 83.3 and adipate plasticizer of 16.7. The used load
was 49N (Figure 7).
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It has been experimentally established that, with an increase in temperature and
plasticizer content, the melt fluidity of PVC composites, regardless of their composition,
increases, and this dependence is close to exponential (Figures 5–7).

4. Discussions
4.1. Synthesis of Ethoxylated Alcohols

The literature describes the use of phenol derivatives for the plasticization of polyamides
and cellulose acetate, but there are very few data on the possibility of using them as raw
materials in the production of polyvinyl chloride plasticizers [60].

The synthesis of ethoxylated alcohols, including phenoxyethanol, is well studied and
carried out on an industrial scale [61]. The ethoxylation of phenol was carried out according
to well-known methods by the interaction of alcohol with ethylene oxide at a temperature
of 120 ◦C in the presence of a sodium hydroxide catalyst.

The reaction proceeds according to the SN
2 mechanism and is a series-parallel addition

of ethylene oxide to phenol.
The composition of the products of the ethoxylation reaction depends on the molar

ratio of alcohol and ethylene oxide in the reaction mass. With an increase in the content of
ethylene oxide, the degree of ethoxylation of the resulting alcohols increases.

Then the resulting phenoxyethanol was used for the synthesis of butyl phenoxyethyl adipate.

4.2. The Synthesis of Butyl Phenoxyethyl Adipate

Initially, the reaction flask was charged with adipic acid, solvent and alcohol butanol.
The reflux of the reaction mixture was maintained until the required amount of water was
released in the Dean–Stark trap. Then the alcohol phenoxyethanol was added with a slight
excess relative to the acid.

4.3. High-Performance Liquid Chromatography

Undoubtedly, at the time of the addition of the second alcohol, the reaction mass con-
tained monoester, dibutyl adipate and a small amount of unreacted adipic acid. When phe-
noxyethanol was added, transesterification of the previously formed diester was unambigu-
ously observed, which is known from the literature on organic synthesis. Thus, the sym-
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metric adipate was converted into the target unsymmetrical ester. The chromatograms
obtained by HPLC have two peaks: one peak corresponds to symmetric, and the other
to asymmetric.

4.4. Analysis of Physicochemical Parameters of Butyl Phenoxyethyl Adipate

Butyl phenoxyethyl adipate was not separated from the symmetrical one. The obtained
product was used for testing, and physicochemical analyses showed the compliance of the
product with regulatory requirements for use as a plasticizer for polyvinyl chloride.

4.5. Determination of the Compatibility of Butyl Phenoxyethyl Adipate with PVC

The compatibility of PVC resin with a plasticizer is one of the most important factors
determining the possibility of its use in the development of a plasticized material formulation.

The plasticizer can be gradually released from the composite material by extraction,
migration or evaporation. Over time, even a very low vapor pressure of the introduced
plasticizer appears [62]. Therefore, the migration rate of the plasticizer from the polymer
composition doubles with an increase in temperature by 7 ◦C [63]. The vapor pressure of
the plasticizer used is for guidance only.

The migration of a plasticizer from a place with a higher concentration to a place with a
lower concentration is determined by the nature of the polymer [63]. In this case, the less the
interaction of the plasticizer with PVC, the lower the limit of compatibility of the plasticizer
with PVC and the higher the migration value [64]. At plasticizer concentrations in PVC
compositions up to 10%, the plasticizer is completely solvated by the polymer, which leads
to a decrease in the detachment of the plasticizer molecules from the polymer [65].

With an increase in the amount of introduced plasticizer from 0 to 10%, migration
increases insignificantly [66]. A further increase in the content of the plasticizer in the
PVC composite from 15 to 35% leads to an almost linear dependence of the amount of
migration on the amount of plasticizer [67]. Thus, with an increase in the content of the
plasticizer, the number of fragile bonds in the polymer–plasticizer system increases, which
contributes to an increase in migration [68]. The determination of the compatibility of
the plasticizer with the polymer makes it possible to purposefully regulate its structure
and the operational properties of the resulting material, in order to importantly prevent
high volatility and the likelihood of migration to the surface of products, which negatively
affects operational characteristics [69].

The determination of the compatibility of the new ethoxylated alcohol adipate with
PVC was carried out according to the critical dissolution temperature of PVC resin and
compatibility parameter A (%) [70]. For well-compatible plasticizers, this parameter should
be greater than 100%.

The results obtained showed that the developed plasticizer butyl phenoxyethyl adipate
is characterized by a high ability to dissolve polyvinyl chloride.

4.6. Thermal Analysis of Butyl Phenoxyethyl Adipate

To study the possibility of the practical application of the plasticizer in the composition
of PVC composites, the following indicators are important: thermal stability, melting and
crystallization temperatures, enthalpy of melting and crystallization.

Thermoanalytical studies have shown that the developed adipate has a higher thermal
stability in comparison with DOP. The introduction of the developed additive into the PVC
composition provides a higher thermal stability during processing, which improves the
manufacturability of the compounds.

4.7. Determination of Glass-Transition Temperatures of PVC Compositions

At the next stage, the efficiency of the plasticizing action of the new plasticizer
was assessed.

The chemical structure of polymer chains and their mutual arrangement determine
the physical properties of polymers. These properties of polymers, in particular the glass-
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transition temperature, are changed by introducing special substances—plasticizers—into
the polymer composition during processing. The shift of the glass-transition temperature
to the region of lower temperatures is commonly called plasticization. The introduction of
a plasticizer into a polymer composition is important from a practical and theoretical point
of view. Lowering the glass-transition temperature of the polymer with the introduction
of a plasticizer makes it possible to expand the temperature range of its highly elastic
state, that is, to increase its frost resistance. In addition, as a result, a decrease in the
viscosity of polymer melts makes it possible to significantly facilitate their processing. It is
especially important to lower the glass-transition temperature and pour point during the
processing of polymers, in which these characteristics are close to or even higher than their
decomposition temperature.

A decrease in the glass-transition temperature with the introduction of a plasticizer is
an important criterion for assessing the effectiveness of its plasticizing action.

The results shown in Table 2 show that the sample of unplasticized polyvinyl chloride
corresponds to Tgt = 87.5 ◦C. The introduction of polyvinyl chloride 50 ppm plasticizer
DOP led to a decrease in the glass-transition temperature of the polymer to −37 ◦C, that is,
by 124.5 ◦C. A significant decrease in the Tgt parameter was observed when 50 ppm is
introduced into the polymer. The synthesized adipate totaled 133.2 ◦C.

4.8. Determination of the Rheological Characteristics of PVC Composition with BPEA

Previously, the chemical nature of the plasticizer was not given due attention in the
development of composites. It has now been proven that the plasticizing effect of the
developed additive depends on the chemical structure (the nature of the atoms included in
the molecule, the polarity of the bonds and the size and shape of the plasticizer molecules)
and the ability of the molecule to undergo conformational changes, as well as on the
thermodynamic affinity of the plasticizer for the polymer.

A comparison of the rheological characteristics of PVC compositions based on the
developed BPEA plasticizer with similar compounds containing DOP showed an increase
in melt flow in the temperature range (Figures 5–7), which indicates the high efficiency of
the plasticizing action of the developed plasticizer, which is superior to the commercial
DOP plasticizer. In this regard, this ester contributes to resource and energy efficiency
when used as a PVC plasticizer.

5. Conclusions

The article describes the successful production of a new promising plasticizer for
polyvinyl chloride, butyl phenoxyethyl adipate, by a method of sequential azeotropic
esterification in one reaction vessel. The structure of the obtained compound was confirmed
by FT-IR spectroscopy. Studies of the compatibility of the obtained compound with PVC
showed the possibility of using it as a plasticizer: the critical temperature of polymer
dissolution in ether is 101 ◦C compared to that for DOP, which is 112.5 ◦C. Thermal analysis
by the TGA and DSC methods confirmed the higher thermal-oxidative stability of BPEA in
comparison with DOP; the temperature of the maximum decomposition rate is 321 ◦C and
285 ◦C, respectively. The test results showed that the use of butyl phenoxyethyl adipate
in the composition of the PVC composition provides a significant decrease in the glass-
transition temperature of the polymer, by 132.2 ◦C compared to pure PVC and by 7.7 ◦C
compared to DOP-based compounds. The study of the rheological characteristics of PVC
compounds containing butyl phenoxyethyl adipate showed that the developed plasticizer
has a pronounced plasticizing effect in relation to PVC, which consists of a significant
increase in the melt flow of PVC compounds in the temperature range of 160–205 ◦C.
So, for example, when the content of BPEA in the amount of 16.7 ppm per 100 ppm
including PVC, the melt flow rate of the composition at 175 ◦ C increases by 50%; when the
content of BPEA in the amount of 8.35 ppm at 200 ◦C, it increase by 20%; when the content
of BPEA in the amount of 6.5 ppm at 205 ◦C, it increases by 19%.

187



Polymers 2022, 14, 1888

Thus, studies have shown that the new plasticizer is characterized by high techno-
logical indicators—the thermal stability and efficiency of the plasticizing action—and also
contributes to an increase in the fluidity of the melt of polymer compositions and the
expansion of the temperature range for processing compounds based on it. This paper also
shows that the use of a new environmentally friendly plasticizer contributes to the resource
and energy efficiency of PVC compound processing technologies with its content.
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Abstract: Improvements in mechanical properties and a shift of focus towards esthetic dentistry led
to the application of dental resins in various areas of dentistry. However, dental resins are not inert in
the oral environment and may release monomers and other substances such as Bisphenol-A (BPA)
due to incomplete polymerization and intraoral degradation. Current research shows that various
monomers present cytotoxic, genotoxic, proinflammatory, and even mutagenic effects. Of these
eluting substances, the elution of BPA in the oral environment is of particular interest due to its role
as an endocrine disruptor. For this reason, the release of residual monomers and especially BPA from
dental resins has been a cause for public concern. The assessment of patient exposure and potential
health risks of dental monomers require a reliable experimental and analytical setup. However, the
heterogeneous study design applied in current research hinders biocompatibility testing by impeding
comparative analysis of different studies and transfer to the clinical situation. Therefore, this review
aims to provide information on each step of a robust experimental and analytical in vitro setup that
allows the collection of clinically relevant data and future meta-analytical evaluations.

Keywords: materials testing; resin based dental materials; biocompatibility; monomer; bisphenol A;
elution; leaching

1. Introduction

Direct dental restorations of posterior teeth have been carried out with various ma-
terials, such as dental amalgam or composite resin [1]. Despite the successful application
due to the high functional durability of dental amalgam for more than 150 years with a
small number of reports on adverse effects [2,3], amalgam is being phased out due to the
rise of safety concerns and the restriction of amalgam in some regions of the world [4–6].
Improvements in mechanical properties and a shift of focus towards esthetic dentistry led
to the application of dental resins in various areas of dentistry [7,8], e.g., as restorative
composites, bonding agents, resin-based cements, fissure, and root canal sealers as well
as temporary crowns and bridges [9–12]. The specific monomer composition of dental
resins is tailored to the particular area of application [13] and generally consists of one or
more monomers, mostly bisphenol A diglycidyl methacrylate (Bis-GMA) and/or urethane
dimethacrylate (UDMA) in addition to co-monomers, which are predominantly triethylene
glycol dimethacrylate (TEGDMA) and 2-hydroxylethyl methacrylate (HEMA) [14]. Typical
Bis-GMA/TEGDMA mixtures have a ratio between 60 and 80 wt.% Bis-GMA and 20 and
40 wt.% TEGDMA [15–17]. In combination with UDMA, less TEGDMA is required and
most ratios between UDMA and Bis-GMA are possible, even complete replacement [15,17].
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Bis-GMA is either the reaction product of bisphenol A (BPA) and glycidyl methacrylate
or methacrylic acid and diglycidyl ether of bisphenol A (BADGE or DGEBA) [18]. Due
to its low shrinkage, good mechanical properties, and excellent adhesion to enamel [19],
Bis-GMA is the base monomer of most dental resins [20]. The central core of Bis-GMA is
formed by a phenyl ring and two pendant hydroxyl groups, which are responsible for its
extremely high viscosity and low mobility [21].

UDMA is the reaction product of 2-hydroxyethyl methacrylate and 2, 4, 4- trimethyl-
hexamethylenediisocyanate and was developed by Foster and Walter in 1974 [22]. Instead of a
phenol ring UDMA has an aliphatic urethane chain, which leads to higher flexibility and lower
viscosity and results in higher mobility and a greater degree of conversion [23,24]. Due to these
advantageous properties and health concerns regarding the release of bisphenol A (BPA) and its
derivatives, more and more manufacturers substitute Bis-GMA with UDMA and introduced
BPA-free composites to avoid the release of BPA and its derivatives [25–27].

Bis-GMA and UDMA are combined with a low-viscosity monomer such as TEGDMA,
which improves the degree of conversion, filler loadings, and clinical handling [28].
TEGDMA is the reaction product of two molecules of methacrylic acid and triethylene
glycol [18]. Its weaker polar hydrogen bonds lead to greater flexibility and its small size
and its high number of double bonds increase conversion [29,30]. TEGDMA is only used
as a co-monomer because its hydrophilicity amplifies undesirable properties like water
sorption and polymerization shrinkage [31].

HEMA is a common co-monomer in dental adhesives and is characterized by its small
dimensions and polar properties [28]. The major advantage of HEMA, especially in dental
adhesives, is its ability to improve the miscibility between hydrophilic and hydrophobic
monomers and thus dentine adhesion [32].

However, as of today, studies on the short-term release of compounds from the poly-
mer network of composite resins are poorly comparable, studies on the long-term release
are still rare, and degradation products are often not measured [33–36]. Due to its role as an
endocrine disrupter of different metabolic pathways even in low concentrations [37], the release
of bisphenol A (BPA) is of great interest in recent literature [38]. BPA interacts with the estrogen
receptor and mimics the behavior of the natural hormone estradiol [39–41]. Furthermore, it is
known that BPA exhibits potential cancerogenic, embryotoxic, and metabolic effects [40,42,43].
However, pure BPA is not being used as a monomer in dentistry, but rather as a reagent for the
synthesis of derivates like Bis-GMA, and thus only small amounts are leachable due to possible
contaminations from the use of BPA derivatives [38,44]. Even though BPA is at the center of
current research, cytotoxic, genotoxic, proinflammatory, and even mutagenic effects have been
shown for various compounds used in dental resins [45–52]. Considering the advancements
and changes in the composition of resin composites [53], monomers, as well as further com-
pounds, e.g., additives eluting from dental resins, should be investigated. The biocompatibility
of dental materials may be evaluated by using various in vivo or in vitro techniques [54] and
the collection of reliable data depends on the application of adequate detection and quantifi-
cation methods [55]. As a result of varying clinical situations occurring in vivo, these studies
show a large spread width of released monomer concentrations [56–59]. Therefore, it has been
established in biocompatibility testing to verify the results of standardized in vitro studies by
in vivo trials [60]. The general setup of in vitro studies on the leachability of monomers from
dental resins consists of an experimental part to produce an eluate by incubating resin samples
in an extraction medium, and an analytical part to identify and quantify monomers within the
eluate. However, as of today, comparative analysis of current in vitro studies is limited due
to heterogeneous sample design as well as the diverse application of analytical methods with
various extraction media and not standardized observation periods [34]. However, without a
systematic meta-analysis, the impact of monomer release from dental resins on patient health
remains unclear. The present review aims to provide information on each step of the experi-
mental and analytical setup regarding the in vitro identification and quantification of eluting
compounds from dental resins to develop a basis for future meta-analytical evaluations.
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2. Sample Design

In current literature, samples are commonly disc-shaped and of various sizes, while the
removal of the oxygen inhibition layer is either not performed or not mentioned [17,61–65].
However, the surface area and the oxygen inhibition layer influence the amount of eluting
monomers heavily, and therefore sample design is a limiting factor in current research. ISO 4049
specifies the requirements for dental polymer-based restorative materials, and many authors
recommend complying with ISO 10993-12 for the sample design [62,66–69]. ISO 10993-12
regulates sample preparation and reference materials for the biological evaluation of medical
devices and recommends regular-shaped samples with a defined surface area [70]. Additionally,
ISO 10993-12 specifies in dependency of the surface area the corresponding solvent volume
and as a consequence the extraction ratio (Table 1) [70]. To our knowledge, there are no studies
on the effects of different extraction ratios on the release of specific monomers, but it is known
that the extraction ratio affects the amount of released monomers from the polymer matrix
strongly [34,71,72]. The lack of studies with a uniform extraction ratio hinders meta-analytical
analysis and limits the comparison to common restoration sizes [34]. Therefore, future studies
should comply with ISO 10993-12.

Table 1. Recommended extraction ratios according to ISO 10993-12.

Thickness (mm) Extraction Ratio ± 10%

≤0.5 6 cm2/mL
>0.5 3 cm2/mL

Irregular shaped sample 0.1–0.2 g/mL, 6 cm2/mL

Besides the extraction ratio, the oxygen inhibition layer needs to be considered when
evaluating the release of monomers from the polymer network. The oxygen inhibition layer
contains unpolymerized monomers [73,74], which can be eluted, and especially TEGDMA
concentrations seem to be elevated [71]. Therefore, the removal of the oxygen inhibition
layer leads to fewer eluted monomers as well as reduced cytotoxicity, and thus the removal
of the oxygen inhibition layer or prevention of its formation is recommended in clinical
practice [75,76]. However, in many studies on the leachability from dental resins, the
oxygen inhibition layer was either not or ineffectively removed [61–65]. Recent literature
shows that water-spray or ethanol treatments are ineffective methods to remove the oxygen
inhibition layer [77]. For research purposes, nitrogen [78–80], argon [81,82], or carbon
dioxide [83] atmospheres have been used to produce samples without an oxygen inhibition
layer. Even though these methods are effective, they are costly and not applicable in clinical
practice. Effective methods that are applicable in vitro and in vivo include methods that
prevent oxygen contact, e.g., glycerin gel or mylar strips, and mechanical methods, e.g.,
specimen polishing with a defined removal of 0.2 mm [84–86]. Recent studies show that
these methods are well suited for the in vitro investigation of the release of monomers
from dental resins [35,66,87–89]. Consequently, the removal or prevention of the oxygen
inhibition layer should be included in the sample preparation process and based on the
clinical workflow. Besides the oxygen inhibition layer, the surface roughness may influence
monomer and BPA elution, but to our knowledge, there are no studies on the effect of
surface roughness on the monomer release. Therefore, we recommend polishing procedures
corresponding to the standard clinical workflow.

3. Selection of the Extraction Medium

Various solvents, such as water, ethanol-water mixtures, methanol, acetonitrile, tetrahy-
drofuran, cell culture media, artificial saliva, and collected saliva, have been used as
extraction media in studies investigating the in vitro release of monomers from the poly-
mer matrix [9,17,61,64,90–93]. However, interactions with the extraction medium due to
substance-specific properties, such as molecular size and other chemical characteristics,
significantly alter elution [94]. Literature assumes that in vivo conditions are somewhere
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between the less aggressive water solvent and the more potent ethanol solvent [65]. Hence,
the US Food and Drug Administration (FDA) recommends a 75 vol. % ethanol/water
solution which is supposed to be a good food simulator (alcoholic beverages, fruits, and
syrup) and therefore clinically relevant [9]. Due to this recommendation, many studies in-
vestigating the leachability of monomers from dental resins used a 75% vol. ethanol/water
solution [9,33,95–98]. However, the solubility parameter of ethanol and Bis-GMA is al-
most equal, which leads to the softening of resins, with maximum softening reached at
75% vol. ethanol/water [99–101]. Ethanol/water solutions penetrate the polymer matrix,
especially of Bis-GMA-based resins, and degenerate it irreversibly by expanding the space
around the polymers and creating soluble units [94,101]. Considering these findings, it
is questionable whether using a 75 vol. % ethanol/water solution results in clinically
relevant data [71]. Supporting this hypothesis, many studies found significantly elevated
Bis-GMA, TEGDMA, and UDMA levels in 75% vol. ethanol/water solutions compared
to artificial saliva [36,72,102,103]. BPA was only detected in samples immersed in a 75%
vol. ethanol/water solution [72,102,103]. In addition to elevated monomer concentrations,
monomer elution is prolonged in 75 vol. % ethanol/water solutions [35]. Considering
these findings, 75 vol. % ethanol/water solutions cannot be recommended to simulate
the intraoral environment for the investigation of the leachability of dental monomers.
Similarly, immersion in methanol leads to an increased monomer release compared to
water or artificial saliva and should be therefore also avoided [92]. Besides alcohol-based
solutions, cell culture media were used as extraction solvents, but it was shown that they
may lead to false-negative results especially regarding TEGDMA detection due to the
binding of albumin to it [17]. Instead, water, artificial saliva, or human saliva should be fa-
vored as extraction media. Literature shows similar concentrations of released compounds
when comparing distilled water to artificial saliva [17,103,104]. In aqueous environments,
mainly hydrophilic molecules of small sizes, such as TEGDMA, elute, while long-chain
hydrophobic molecules, such as BisGMA, are hardly released [105,106]. Comparing the
eluates from samples incubated in distilled water, artificial saliva, and collected salvia,
the latter contains lower monomer levels, as proteins contained in collected salvia bind
eluting monomers [104]. When using collected human saliva, the probands must not have
restorations [107] and blank samples for the analytical procedure are needed to avoid false
positives [91]. In conclusion, the most comparable results can be achieved with collected
saliva, but blank samples and a robust analytical procedure are required. Moreover, water
and artificial saliva are an option, but in contrast to former assumptions, they may even
present slightly increased concentrations of eluted monomers. Further studies on the
impact of the composition of human saliva on the elution from dental resins and the effect
of protein-bound monomers on the metabolism are necessary.

4. Incubation Parameters

The amount of eluted compounds highly depends on incubation parameters, such as the
incubation time, buffering systems, solvent, monomer saturation, and pH value [71,108–110].
Under extreme temperature (100 ◦C) and an alkaline (pH 13) or acid (pH 1) environment,
BPA is released due to hydrolytic degradation of Bis-GMA or bisphenol A diglycidylether
(BADGE) [111]. Particularly very alkaline conditions seem to promote BPA elution [25]. A long-
term study on the leakage of composite resins found that the effect of pH varied among
monomers: more BPA was eluted at pH 8 than at pH 4 and 6, while the elution of TEGDMA
followed the opposite trend [112]. Considering these findings, future studies on the elution
from dental resins should report incubation parameters, especially the pH and temperature of
incubation, whereas incubation at 37 ◦C is recommended to simulate in vivo conditions [34].

In some studies, samples are incubated after a post-irradiation cure, usually 24 h in the
dark [61,113–115]. Incubation after the post-irradiation cure leads to lower concentrations
of released substances [105]. Since direct incubation corresponds to the clinical workflow,
it is recommended [114,116].
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Studies on the long-term release from dental resins need to take salivation of the oral en-
vironment into account and must refresh the extraction medium to avoid saturation, which
might lead to the underrepresentation of in vivo conditions [97,117]. This solvent refresh is
usually performed once per week [33,35,94]. Furthermore, the stability of dental monomers
in water, artificial salvia, or collected saliva must be considered, especially in long-term
studies. Presumably, passive hydrolysis reactions lead to the degradation of monomers
in water [118]. As a consequence, many studies showed decreasing monomer concentra-
tions when successive incubation periods were analyzed [17,61,103,119,120]. This was not
observed or observed to a lesser extent in other extraction media, such as ethanol/water
mixtures or lactic acid [103,119]. Passive and/or enzyme-catalyzed hydrolysis, such as in
collected saliva, cleaves the ester bonds of the methacrylate groups of BisGMA, TEGDMA,
and UDMA [52,121–123]. Initial decreases in concentrations were observed after only
six hours of incubation [103]. Due to the incomplete hydrolysis of dental monomers,
molecules with different numbers of cleaved methacrylate groups may be present simul-
taneously [122,124]. These hydrolysis products each have different chemical properties
as well as molecular masses, and thus detection requires adjustments to the analytical
method [124,125]. In conclusion, the analysis of long incubation intervals could lead to
the underrepresentation of the in vivo monomer release. Therefore, degradation products
should be measured additionally [124,126,127]. Regular refreshment of the extraction
medium and the cumulative determination of monomer concentrations are recommended.
Cumulative analysis has already been performed in several studies [35,102,128].

In summary, the objective of in vitro incubation is the simulation of in vivo conditions.
Therefore, incubation parameters should be based on the intraoral environment, the extrac-
tion medium should be refreshed regularly, and samples should be incubated directly. For
future meta-analytical evaluation and comparability between studies, a 24-h incubation
period should be included in every study on the elution from dental resins [34].

5. Analytical Setup

A wide range of techniques has been used to detect and quantify substances eluting
from dental resins [118]. Many older methods such as infrared spectroscopy are nowadays
regarded as outdated since the signals are not molecule-specific, the interpretation of spec-
tra is difficult, and quantification unreliable [34]. Nowadays, the analytical setup consists
of the separation of the eluate by chromatography followed by subsequent detection of the
eluted compounds by optical methods or mass spectrometry. The FDA and recent literature
recommend high-performance liquid chromatography (HPLC) and gas chromatography
(GC) as separation methods [34,66,129]. Despite the recommendation of GC [66,129] and
its application in various studies [107,109,112,130], recent literature showed that the high
operating temperatures of GC lead to the overestimation of the leakage of BPA due to ther-
mal degradation of Bis-GMA [64]. Bannach et al. [131] investigated the thermal stability of
Bis-GMA, ethoxylated bisphenol A dimethacrylate (Bis-EMA), UDMA, and TEGDMA and
found that thermal decomposition starts between 178 and 297 ◦C, which corresponds to the
temperatures between 280 and 400 ◦C occurring during GC [109,130]. Consequently, GC is
not capable of detecting Bis-GMA, Bis-EMA, or UDMA, but only corresponding thermal
degradation products [56,132–134]. Due to the thermal degradation of BPA derivatives,
BPA was found by GC in all samples regardless of the solvent, but HPLC-MS detected BPA
only in samples immersed in methanol [64]. HEMA is a potential degradation product of
UDMA, and therefore detection and differentiation between them are hindered [109]. Ad-
ditionally, GC analysis of analytes from aqueous samples requires time-consuming sample
preparation [135]. In conclusion, GC should be avoided for the separation of monomers
with a high molecular weight in eluates from dental resins due to their thermal instabil-
ity [136]. Instead, HPLC is the recommended separation method for the analysis of eluting
monomers from dental resins. However, GC can be applied for low molecular weight,
volatile, and thermally stable substances, e.g., additives contained in dental resins [133,136],
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as it allows accurate quantitative determination within complex mixtures, including trace
amounts of compounds down to parts per trillion in some cases [137].

Most light absorption spectroscopy (UV/Vis) and mass spectrometry (MS) detectors
coupled with HPLC are suitable for the identification and quantification of compounds
in the eluate [138]. UV/Vis detectors are available in many analytical laboratories due to
their easy use, low cost, and near-universal field of application [138]. It is known from
other scientific fields that the sole use of UV/Vis can lead to the overestimation of analyte
concentrations due to the presence of coeluting substances [139–141]. Hope et al. found
that the wrong identification of a coeluting substance, probably a photoinitiator, in elu-
ates from an experimental dental resin led to the overestimation of BPA levels by 30-fold
when comparing UV/Vis to MS detection [66]. This discrepancy between UV/Vis and
MS detection was also found in a recent study on the monomer elution from temporary
crown and bridge materials [120]. Therefore, the sole identification and quantification by
UV/Vis are not recommended and more sensitive and specific methods like MS should
be used. MS is a very sensitive and selective method for the detection of unknown sub-
stances and degradation products in eluates from cured as well as uncured resins [67].
In this context, electrospray ionization (ESI), atmospheric pressure chemical ionization
(APCI), and atmospheric pressure photoionization (APPI) are available for the ionization
of nonvolatile and thermally unstable analytes [142]. Advanced MS detectors coupled
with HPLC (HPLC-MS) allow tandem mass spectrometric analysis (HPLC-MS/MS), which
increases the specificity of the analysis by the fragmentation of a pre-selected ion and
specific detection of selected fragmentation products [143]. In recent years, high-resolution
mass spectrometry (HRMS) following HPLC separation has proven to be a viable alterna-
tive due to high mass accuracy and sensitivity even in full-scan mode [144]. Even more
information about the molecular structure can be obtained by the combination of HRMS
and MS fragmentation [145]. Accordingly, HPLC coupled with MS, preferably HRMS
and/or tandem MS, is the recommended analytical method for the analysis of monomers
eluting from dental resins.

6. Detection/Qualitative Analysis

An essential part of a reliable study design for the detection of monomers is a clear
definition of the analyte and the estimation of the limit of detection (LOD), which should
be as low as technically achievable. In a typical HPLC-MS analysis with electrospray
ionization, the retention time together with the mass of the molecular ion and in tandem
MS as well as the fragmentation spectrum of the molecular ion are used to identify the
analyte (Figures 1 and 2).
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Figure 1. HPLC-MS Chromatogram of a Luxatemp Automix Plus (DMG Chemisch-Pharmazeutische
Fabrik, Hamburg, Germany) sample immersed in HPLC grade water with diethyl phthalate (DEP) as
an internal standard. At the top, the chromatogram and then, from top to bottom, the extracted ion
chromatograms of TEGDMA, UDMA, and the internal standard DEP, respectively. Definitive peak
identification is accomplished by the relative abundance of the corresponding molecular mass. This
chromatogram was prepared for a study on the monomer elution from resin-based temporary crown
and bridge materials [120].
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Figure 2. Tandem mass spectrometry fragmentation spectra of derivatized isotope-labeled BPA (top),
derivatized unlabeled BPA (middle), and underivatized BPA (bottom). The spectra were obtained by
HPLC-MS/MS with negative ionization for native BPA and positive ionization for BPA derivatized
with pyridine-3-sulfonyl chloride. The unique and most abundant product ion is highlighted by a
blue square. This mass spectrum was prepared for a study on the monomer elution from resin-based
temporary crown and bridge materials [120].

The fragmentation spectrum of a tandem MS analysis contains fragmentation ions,
each of which has a separate peak in the mass spectrum [146]. The most abundant, unique
fragmentation ion of an analyte is used for quantification (quantifier ion), and less abun-
dant, unique ions are used for detection (qualifier ions) [147–149]. By analyzing more
than one qualifier ion, confidence in detection can be increased [150]. For the analysis of
unknown compounds, mass spectrometry allows the use of libraries with mass spectra
collected from literature, like the NIST mass spectral library (National Institute of Sci-
ence and Technology, Gaithersburg, MD, USA), which contains among other substances
dental compounds [56,151,152]. Commercially available and open-source libraries help to
identify unknown substances [153]. However, these libraries mostly contain spectra from
GC-MS obtained after ionization with “hard” ionization techniques [154]. Due to the lower
reproducibility of retention properties in HPLC instruments, the availability of libraries
with spectra obtained by HPLC-MS with soft ionization techniques is limited [154–156].
Therefore, older studies on the release of dental monomers using libraries, e.g., the NIST ap-
plied GC-MS analysis [56,151,152]. However, the identification of an unknown compound
should not solely rely on the comparison between a library and an experimental mass
spectrum because co-eluting compounds may compromise the fragmentation spectra of
the analyte, and library spectra do not reflect experimental conditions [144]. Therefore, the
regulation 2002/657/EC issued by the European Union recommends the use of calibration
solutions and an internal standard to validate the qualitative analysis [157]. For a clear
definition of the reference substances, it is best practice to report their molecular masses
and unique Chemical Abstract Service Registry Numbers (CAS Registry Number). This
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is especially important in dental research, as recent research shows that the trivial name
UDMA is used for a variety of molecules, and Bis-EMA is used for molecules of different
degrees of ethoxylation [55,130].

Furthermore, the LOD is essential for the assessment of the reliability of detection
because compounds present at concentrations below the LOD cannot be detected though
may be released and have a toxicological impact [158]. According to the International
Union of the Pure and Applied Chemistry (IUPAC), LOD is defined as the lowest reliably
detectable concentration of an analyte [159]. Various methods for determining the LOD
can be found in the literature. The most common approach is the calculation based on
the signal-to-noise ratio, but an experimental determination by a dilution series is also
possible [160]. If the analyte is available, the Joint Research Centre of the European Com-
mission recommends using 3.9 times the quotient of the standard deviation of the blank
(pseudo-blank) signals and the slope of the calibration curve for the determination of a
reliable LOD [161]. Therefore, LOD can be improved either by the reduction of noise
or by the increase of signal strength [162]. Common ways to reduce noise are sample
clean-up, temperature control of the column, and purity of the reagents and solvents [162].
Consequently, lower LODs are achievable with HPLC grade extraction media than with
other media such as collected saliva. The signal strength can be increased by the injection
of larger quantities of the sample, a more sensitive detector, and the choice of the mobile
phase and column to change peak width [162]. Another way to improve the LOD might be
derivatization. Recently, it was shown that the derivatization of BPA in composite eluates
allows mass spectrometric detection in the more sensitive positive ESI mode and therefore
leads to lower LODs [120,163].

As most studies on the leachability from dental resins do not report the LOD, only
the positive and not the negative results can be interpreted [34]. The LODs in the current
literature for Bis-GMA range from 0.07 µg/mL to 1.18 µg/mL [86,89,164,165] and for
BPA from 0.003 µg/mL to 0.075 µg/mL [66,165,166]. The LODs for UDMA are reported
between 0.075 µg/mL and 0.63 µg/mL [86,89,164,165]. Respective values for TEGDMA
vary between 0.022 µg/mL and 0.808 µg/mL [86,89,164,165,167] and for HEMA between
0.022 µg/mL and 2.43 µg/mL [86,87,164,165,167].

7. Quantitative Analysis

For reliable quantitative analysis, precise calibration is vital. Calibration methods
reconstruct the dependence between the analytical signal and the concentration of internal
and/or external standards, which correspond to the relationship between the signal and
the concentration of the analyte in the sample [168,169]. This relation is used to prepare a
calibration curve and the data are fitted by a mathematical function, which usually is linear
regression [170]. Calibration can be performed using single-point, double-point, or multi-
point calibration, whereas today only multi-point calibration is considered acceptable [169].
For multi-point calibration, 5–10 concentrations of each standard in the range of 0–150%
or 50–150% of the concentration likely to be encountered are analyzed in duplicates or
triplicates [171–173]. Depending on the expected eluted concentrations, most studies
analyzed a series of uniformly distributed standard solutions with concentrations between
0.005 ng/mL and 1000 µg/mL [64,89,107,120,164,171–176]. When linear regression is used,
the linearity of the calibration curve is often assessed by the correlation coefficient r or
the determination coefficient r2 [177]. The latest guideline by the clinical and laboratory
standards institute (CLSI) considers a correlation coefficient r ≥ 0.975 or r2 ≥ 0.95 as
sufficient evidence for linearity [178]. However, it was shown that even in some cases with
r > 0.99 linearity is not always fulfilled and thereby a plot of residuals and possibly a lack
of fit or Mandel’s fitting test can be performed to verify a normal distribution of calibration
points around the line, which is expected in cases of a true linear fit [172,179,180]. Any
curvature of this plot is an indication of a lack of fit and therefore suggests the need for a
non-linear regression model [179]. However, linear calibration is preferred over non-linear
calibration models because of easy calculation and statistical assessment [180]. The lowest
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calibration standard used is considered the limit of quantification (LOQ) and the signal
corresponding to this calibration standard should be at least five times higher than the
blank signal [181]. In order to evaluate the strength of the study, both the LOQ and the
calibration curve, including its plot of residuals, the correlation or determination coefficient,
and the slope of the curve, should be reported (Figure 3).

Figure 3. Calibration curve of TEGDMA in relation to the internal standard diethyl phthalate (DEP)
including the plot of residuals. The data are fitted by a linear regression model and assessed by the
determination coefficient r2. This calibration curve was prepared for a study on the monomer elution
from resin-based temporary crown and bridge materials [120].

The LOQs in the current literature for Bis-GMA range from 0.01 µg/mL to
3.51 µg/mL [35,86,89,164] and for BPA from 0.00003 µg/mL to 0.2 µg/mL [64,120,182–184].
The LOQs for UDMA are reported between 0.005 µg/mL and 1.90 µg/mL [35,86,89,164]. Re-
spective values for TEGDMA vary between 0.005 µg/mL and 2.424 µg/mL [35,86,89,164,167]
and for HEMA between 0.2 µg/mL and 7.36 µg/mL [35,86,164,167].

8. Calibration Techniques

The most common calibration technique is known as external calibration and con-
sists of the separate preparation and analysis of standards and samples [185]. External
calibration is prone to matrix effects and does not consider losses in sample preparation or
analysis [185,186]. Therefore, ISO Guide 33:2015 recommends using this technique only for
matrix-free samples [187]. This source of error is reduced by calibration methods that use
standards present in the sample during preparation and analysis [188]. These methods are
known as internal calibration and standard addition calibration [186]. For internal calibra-
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tion, a constant amount of an internal standard similar to the analyte of interest is added to
the samples and calibration standards to obtain a calibration factor that is applied to the
analyte signal (Figure 1) [185,186]. Most commonly, a set of standards containing the range
of expected concentrations of analyte and a single concentration of internal standard is
analyzed to obtain the corresponding calibration curve (Figure 3) [189]. Internal calibration
requires substances with similar retention times—ideally, isotope-labeled standards of the
analyte—and multiple standards may be required when analyzing multiple analytes [190].
Using standard addition, the signal change by adding increasing amounts of a standard to
aliquots of the sample is measured and thereby the original concentration is calculated by
applying a linear function fitting all experimental points [191]. Consequently, standard ad-
dition leads to long-lasting calibration procedures because the individual calibration of each
sample is required [168]. However, in contrast to other methods, this is the only technique
not affected by systematic matrix errors and is recommended for complex matrices [185].

Most studies on the release of residual monomers from dental resins are limited by the
inaccuracy of external calibration [107]. However, the use of internal standards, especially
in complex matrices, such as urine and artificial or collected saliva, is recommended [190].
In the literature, caffeine [64,134,192], diethyl phthalate [109,193,194], or standards labeled
with stable isotopes [57,62,66,163] have been used as internal standards. Due to its om-
nipresence, caffeine should not be used in studies using collected human saliva as the
solvent [107]. Special caution is required when using diethyl phthalate, as diethyl phthalate
is used in dental materials and has already been detected in different composites [192,195].
However, the internal standard must not be present in the sample. Otherwise, quantifica-
tion will be falsified [196]. In order to avoid this, deuterated diethyl phthalate has been
used in more recent studies [197,198]. When adding internal standards or other compounds
to the sample, it is important to rule out the introduction of matrix effects by coeluting
substances because they may lead to decreased accuracy and sensitivity [199]. Recent
studies added an antibiotic–antimycotic mixture to the solvent to avoid microbial colonial-
ization [61,63], but a recent trial for a study of our working group showed that the peaks
corresponding to the mixture overlapped the peaks of relevant dental monomers heavily
and may have introduced matrix effects to the analytical procedure (Figure 4).
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Figure 4. (a) HPLC-MS Chromatogram of an ExperTemp sample (Ultradent, South Jordan, UT, USA)
immersed in HPLC grade water and Gibco Antibiotic-Antimycotic solution. Due to the overlapping
peaks of the antibiotic-antimycotic solution, the peaks corresponding to the masses of TEGDMA and
UDMA are not identifiable. (b) Chromatogram of an ExperTemp sample (Ultradent, South Jordan,
USA) immersed in pure HPLC grade water. The peaks corresponding to TEGDMA and UDMA are
highlighted. This figure was taken from preliminary tests made by our working group for a study on
the elution of monomers from resin-based temporary crown and bridge materials [120].

For this reason, every added compound needs to be evaluated for the introduction
of matrix effects. Because of similar properties to the analyte and close elution to the
analyte, while being well separable, analytical standards labeled with stable isotopes, such
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as deuterium or 13C, are the most appropriate internal standards [190]. Future studies
should use internal standards, preferably labeled with stable isotopes, for calibration.

9. Method Validation

Method validation is mandatory before routine analysis for all analytical methods.
International guidelines, by the FDA [177], European Medicines Agency (EMA) [181],
and the International Union of the Pure and Applied Chemistry (IUPAC) [200] provide
information on the validation of analytical methods. According to these guidelines, the
main parameters which need to be validated are linearity, accuracy, precision, specificity,
selectivity, matrix effects, and stability [201]. Key parameters of validation, especially
the limits of detection (LOD) and quantification (LOQ) [34,66] as well as the slope of the
calibration curve [201], should be stated in the method validation section, so readers can
evaluate the strength of the study. Very few studies on the elution from dental resins
reported these validation parameters [107,163,174].

10. Conclusions

Due to the diverse application of dental resins in various areas of dentistry, it is necessary
to develop reliable, evidence-based analytical methods for the detection and quantification
of eluting compounds. Analytical and experimental methods used in recent literature vary
widely and validation parameters are reported rarely. We propose a consistent study design to
collect reliable data that allows consistent meta-analytical evaluation. When researching the
in vitro elution from dental resins, the following criteria should be met:

1. The surface area of the sample and the corresponding solvent volume should be
standardized according to ISO 10993-12 and following the clinical workflow, the
oxygen inhibition layer of the samples should be removed.

2. In order to achieve results comparable to in vivo conditions, solvents, such as water,
artificial saliva, or preferably collected saliva, should be used.

3. Incubation parameters should mimic in vivo conditions. Therefore, immediate incuba-
tion at 37 ◦C and a frequent solvent refresh is recommended. For later meta-analysis,
a 24-h incubation period should be included in all studies.

4. HPLC-MS, preferably with HRMS and/or tandem mass spectrometry, calibrated by
internal standards is the recommended analytical method for detection and quantification.

5. CAS Registry numbers and molecular weights of standards and detected substances
must be reported.

6. The analytical method should be validated properly. Key validation parameters,
e.g., the LOD, LOQ, and the calibration curve, including its interception, slope, and
the plot of residuals, need to be reported for interpretation of study results.
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Abbreviations
Many different abbreviations are used in the scientific literature on the leachability of com-

pounds from the polymer matrix of dental resins. This section provides an overview of the most
commonly used abbreviations:

APCI Atmospheric pressure chemical ionization
APPI Atmospheric Pressure Photoionisation
BADGE Bisphenol A diglycidyl ether
Bis-EMA Ethoxylated bisphenol A dimethacrylate
Bis-GMA Bisphenol A diglycidyl methacrylate
Bis-HPPP Bis-hydroxy-propoxy-phenyl-propane
BPA Bisphenol A
CAS Chemical Abstracts Service
ESI Electrospray ionization
GC Gas chromatography
HEMA 2-hydroxylethyl methacrylate
HPLC High-performance liquid chromatography
HRMS High-resolution mass spectrometry
LC Liquid chromatography
LOD Limit of detection
LOQ Limit of quantification
MS Mass spectrometry
PDA Photodiode array,
TEGDMA Triethylene glycol dimethacrylate
UDMA Urethane dimethacrylate
UV/Vis Ultraviolet/visible
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61. Małkiewicz, K.; Owoc, A.; Kluska, M.; Grzech-Leśniak, K.; Turło, J. HPLC analysis of potentially harmful substances released
from dental filing materials available on the EU market. Ann. Agric. Environ. Med. 2014, 21, 86–90.

62. Becher, R.; Wellendorf, H.; Sakhi, A.K.; Samuelsen, J.T.; Thomsen, C.; Bølling, A.K.; Kopperud, H.M. Presence and leaching of
bisphenol a (BPA) from dental materials. Acta Biomater. Odontol. Scand. 2018, 4, 56–62. [CrossRef]

63. Małkiewicz, K.; Turło, J.; Marciniuk-Kluska, A.; Grzech-Leśniak, K.; Gąsior, M.; Kluska, M. Release of bisphenol A and its
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Abstract: Poly-β-hydroxybutyrate (PHB) is a very common bio-based and biocompatible polymer
obtained from the fermentation of soil bacteria. Due to its important crystallinity, PHB is extremely
brittle in nature, which results in poor mechanical properties with low extension at the break. To
overcome these issues, the crystallinity of PHB can be reduced by blending with plasticizers such as
ferulic acid derivatives, e.g., bis-O-dihydroferuloyl-1,4-butanediol (BDF). The degradation potential
of polymer blends of PHB containing various percentages (0, 5, 10, 20, and 40 w%) of BDF was
investigated through chemical, enzymatic and fungal pathways. Chemical degradation revealed
that, in 0.25 M NaOH solution, the presence of BDF in the blend was necessary to carry out the
degradation, which increased as the BDF percentage increased. Whereas no enzymatic degradation
could be achieved in the tested conditions. Fungal degradation was achieved with a strain isolated
from the soil and monitored through imagery processing. Similar to the chemical degradation, higher
BDF content resulted in higher degradation by the fungus.

Keywords: poly-β-hydroxybutyrate; plasticizer; biodegradation; imagery analysis; Actinomucor elegans

1. Introduction

The global environmental impact and the growing social concerns regarding conven-
tional plastics, accompanied by the high rate of depletion of petroleum resources and the
evolution of legislation, have led to the development of bio-based polymers [1]. However,
the mere nature and renewable origin of bio-based polymers obtained from biomass are not
sufficient to qualify a material as “green”. Indeed, many other criteria have to be considered,
especially regarding its synthesis conditions and (bio)degradation [2]. Further, bio-based
polymers are mostly used in packaging applications because of their higher costs of pro-
duction and their significantly lower performances in comparison with petroleum-based
materials [3]. In addition, confusion may exist regarding the bio-based and biodegrad-
able aspects: not all bio-based polymers are biodegradable as some synthetic bio-based
polymers exhibit very low biodegradation potentials. Some critical factors involved in
the degradation of polymers are molecular weight, crystallinity, wettability, porosity, and
material thickness [4–8]. On the other hand, all natural polymers are biodegradable [9].

Polyhydroxyalkanoates (PHA), such as poly(3-hydroxybutyrate) (PHB), are intracel-
lular carbon and energy storage compounds (carbonosomes) found in some soil bacteria
such as Cupriavidus necator [10]. It is a thermoplastic with similar properties to petroleum-
based polypropylene with a melting point (Tm) of 180 ◦C [11]. It can be produced through
fermentation using renewable and low-cost biomass feedstocks such as wastewater from
the sugar industry, permeate from the dairy industry, and lignocellulosic byproducts as
culture media [12,13]. Further, PHB is a biocompatible polymer whose biocompatibility can
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be increased through rapid lipase- or sodium hydroxide-based treatments [14]. However,
PHB, because of its high crystallinity, is a brittle material due to a low glass transition
temperature (Tg) (i.e., Tg of pure PHB is between 2 and 15 ◦C) and a secondary crystal-
lization of the amorphous phase that occurs at room temperature [15,16]. The focus has
been made to find compounds that improve the mechanical and chemical properties of
PHB (e.g., notably improving the flexural strength, impact strength, heat deflection, long-
termed stability) while maintaining its biodegradability and biocompatibility levels. PHB
copolymers involving 4-hydroxybutyrate, agave fibers, or lignin, have been developed and
exhibited higher mechanical properties than neat PHB [17–19]. Another more economical
way to improve the mechanical properties of PHB is through the formation of blends
using plasticizers such as the PHB-glycerol blend, which shows a reduction in crystallinity
when compared with PHB homopolymer [15]. It has been previously demonstrated that
bio-based bis-O-dihydroferuloyl-1,4-butanediol (BDF)—obtained from the highly selective
lipase-catalyzed enzymatic reaction of two ferulic acids with 1,4-butanediol—blended with
PHA significantly improved the mechanical properties when compared with the polymer
alone [20,21].

The current article aims to study the degradation processes and patterns of a blend of
PHB with various incorporation levels of BDF (5, 10, 20, 30, and 40 w%) through various
modalities: chemical, enzymatic and fungal to study the impact of BDF contents on the
(bio)degradation processes. Indeed, as new polymeric compounds are produced, it is
important to evaluate their (bio)degradation following different strategies and conditions
to understand the underlying mechanisms and evaluate the most effective management
strategy regarding environmental, economic, and societal considerations. In the case of
fungal biodegradation, the monitoring of the evolution of the polymeric particles was
carried out through image analysis of the binary images obtained after the treatment of
pictures. This is an original approach as image analysis is usually used to evaluate the
structural properties of various polymeric materials [22–24].

2. Materials and Methods
2.1. Polymers

Plasticizer-free PHB powder (Batch T19) was supplied by BIOMER© (Schwalbach
am Taunus, Germany). Ferulic acid was acquired from Biosynth-Carbosynth© (Thal,
Switzerland). BDF was synthesized following the protocol of Pion et al. (2013) [20].
The structures are presented in Figure 1.
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2.1.1. Preparation of PHB/BDF Specimens

Extrusion of PHB/BDF blends was performed on a compounding extruder HAAKE
MiniLab II (Thermo Fisher Scientific©, Waltham, MA, USA) twin screw, screw diameter
16 mm, 24 mm. Screws were set in co-rotation, at 60 rpm at an extrusion temperature of
170 ◦C. HAAKE MiniJet Pro Piston Injection Molding System was used for the injection
molding of samples specimen. A DMA test bar mold was used, with dimensions of
60 mm × 10 mm × 1 mm. The mold was maintained at 45 ◦C during the injection.

2.1.2. Preparation of PHB/BDF Films

The PHB films were formed using solvent casting: specimens of PHB/BDF blends
were dissolved in chloroform (VWR Chemicals BDH©, Radnor, PA, USA) and the solution
was then poured into stainless steel rectangular molds (11 × 6 cm). The solvent was then
slowly evaporated under the fume hood at room temperature to obtain uniform films of
around 0.1 µm thickness as measured by an electronic digital caliper.

2.1.3. Preparation of PHB/BDF Powders

Around 5 g of the specimen of PHB/BDF blend were ground using stainless steel
marble agitated at a frequency of 20 Hz at −196 ◦C for 2 min using a Cryomill (Retsch
GmbH©, Haan, Germany).

2.1.4. Characterization of the Material
Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was performed with a DSC Q20 (TA
Instruments©, New Castle, DE, USA). Around 8 mg sample was placed in a sealed pan
and flushed with highly pure nitrogen gas. The first heating ran from −80 ◦C to 200 ◦C
with a heating rate of 10 ◦C·min−1 was performed to determine the melting temperature
(Tm) and the fusion enthalpy (∆Hf). This is followed by a cooling run to −80 ◦C with a
cooling ramp of 200 ◦C·min−1. The glass transition temperature (Tg) was obtained in the
second heating run from −80 ◦C to 200 ◦C at 10 ◦C·min−1. Indeed, PHB tends to crystallize
during the cooling step. The rate of the cooling was thus increased to quench the material
and avoid its recrystallization easing this way the measurement of the Tg.

Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FT-IR) spectra were recorded from film samples in the mid-
dle infrared (4000–650 cm−1) using a Cary 630 FTIR Spectrometer (Agilent Technologies©,
Santa Clara, CA, USA) working in passing mode.

2.2. Enzymatic and Chemical Degradation
2.2.1. Chemical Degradation

Specimens of PHB/BDF blends (with BDF content of 0, 5, 10, 20, 30, and 40 w%)
weighting 100 mg were put in a 4 mL of 0.25 M NaOH solution. The mixture was stirred
at 100 rpm at room temperature for 32 h. HCl (3 M) was then added until reaching an
acidic pH to stop the reaction. The obtained precipitate was washed with distilled water
and the polymer was then dry-frozen prior to analysis. In order to confirm the results, the
experiment was also carried out with commercial non-extruded PHB (Sigma-Aldrich©,
Saint-Louis, MO, USA) powder. A reaction kinetic was also carried out for the PHB/BDF
blend with (40 w% of BDF) with a sampling every 30 min during the first 9.5 h of alkali
degradation reaction.

2.2.2. Enzymatic Degradation

The evaluation of the enzymatic biodegradation potential of the various PHB/BDF
blends was carried out following the protocol used by Rodríguez-Contreras et al. (2012) [25].
Briefly, a suspension of 17 mg·mL−1 of powder blend (with BDF content of 0, 5, 10, 20,
30, and 40 w%) was put to react with 17.5 mg of Lipopan© 50 BG (1,3 specific lipase
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from Thermomyces lanuginosus; Novozymes©, Bagsværd, Denmark) into hemolytic tubes
containing 3 mL of phosphate buffer (0.05 M, pH = 7.4) at 37 ◦C, agitated at 50 rpm for a
week. The same protocol was repeated for films of PHB blends and with commercial PHB
(Sigma-Aldrich©) powder. Some additional reaction parameters were also investigated,
a pH of 9, a temperature of 45 ◦C, an absence of stirring, and a two-fold and ten-fold
concentration of enzyme. Another industrial lipase was also tested: Eversa© (free liquid
lipase from genetically modified Aspergillus oryzae; Novozymes©), following the previous
protocol but at a temperature of 40 ◦C. The tube was then put at 0 ◦C to stop the reaction,
and centrifuged at 4750 rpm for 10 min. The obtained precipitate was washed with distilled
water, resuspended, and centrifuged again to remove the enzyme. The polymer was then
lyophilized prior to analysis. Enzyme activities were checked using the p-nitrophenyl
butyrate colorimetric assay. Absorbance was monitored at 400 nm and the results were
compared with a p-nitrophenol calibration curve.

2.2.3. Evaluation of the Degradation Potential through Nuclear Magnetic Resonance
(NMR) Spectroscopy

Degradation of both chemical and enzymatic ways was investigated using NMR.
1H NMR spectra were recorded on a Bruker Fourier 300 MHz (CDCl3 residual signal at
7.26 ppm). Data are reported in Figures S1 and S2 in the Supplementary Materials.

All NMR assignments were also carried out using 1H-1H COSY (Figure S3, Sup-
plementary Materials). The following peaks were followed: 4.20 ppm corresponding to
β-hydroxybutyric acid (the constituting monomer of PHB) and 5.20 ppm corresponding
to the PHB chain. Polymer degradation at a certain time t is then expressed as the ratio
of the appearance of the integrated monomer peak to the disappearance of the integrated
polymer peak.

Degree of degradation(t)(%) =
[monomer peak]t

[monomer peak]t+[polymer peak]t
×100 (1)

With [monomer peak]t and [polymer peak]t corresponding to the integrated 1H NMR
of the monomer and polymer peaks at time t, respectively.

2.3. Fungal Degradation
2.3.1. Sample Collection

Two soil samples were collected in sterilized 1 L plastic bottles from two sites. One
on the banks of the brook Le Petit Ru (Bazancourt, France) and one from the embankment
of the highway (E420, Pomacle, France). Bigger fractions involving plastic pieces, wood,
rocks, and leaves were removed and the soil samples were then kept at room temperature
in the dark.

2.3.2. Isolation of PHB-Degrading Fungi

Five films were buried vertically at a depth of 5 cm in each soil sample complemented
with 200 mL of a solution containing 2 g of glucose and incubated in a lab oven at 30 ◦C.
After 4 weeks, films were recovered from the soil and placed on Petri dishes containing
Sabouraud (SAB) agar medium (Sigma-Aldrich©). The Petri dishes were incubated at 30 ◦C
for 4 days. The different fungal strains were then isolated on different SAB Petri dishes.
To evaluate the PHB degradation potential of the various isolated fungi, each strain was
cultivated on a medium containing PHB as the sole carbon source. The composition of the
selective medium was: 11.28 g·L−1 of M9 Minimal Salts 5× medium (Sigma-Aldrich©),
0.011 g·L−1 of calcium chloride, 0.24 g·L−1 of magnesium sulfate, 0.02 g·L−1 of yeast extract
and 15 g·L−1 of agar and 1 g·L−1 of PHB powder. One strain was able to grow on the
selective medium with PHB as a sole carbon source and was identified as Actinomucor
elegans at the Muséum National d’Histoire Naturelle de Paris (France). The purity of a
3-days’ culture was tested with a DNEasy Plant mini Kit (Qiagen©, Venlo, The Netherlands).
Internal transcribed spacer region amplification was carried out through polymerase chain
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reaction using ITS5 and ITS4 primers. After sequencing, taxonomic affiliation was made
using BLAST and GenBank (National Center for Biotechnology Information, Bethesda,
MD, USA).

2.3.3. Evaluation of the Degradation Potential of PHB

The strain of A. elegans was grown on a SAB plate containing a PHB film of 2 cm in
length. After 3 weeks, the mycelium was gently removed using a scalpel. The film was
rinsed with distilled water and dried at 60 ◦C for 24 h before being analyzed through FT-IR
and DSC.

2.3.4. Evaluation of the Degradation Potentials of the PHB Blends through Image Analysis

The PHB degradation ability of the isolated fungal strains able to grow on the PHB-
containing selective medium was then investigated through image processing and analysis.
Selective medium containing PHB powder with various percentages of BDF (0, 5, 10,
20, and 40 w%) were inoculated with 4 strains using 6-well plates. For 14 days, photos
were taken using an Ebox CX5.TS (Vilber Lourmat©, Marne-la-Vallée, France). For the
same kinetic series, the obtained pictures were then converted into binary images with
the same threshold value in order to only visualize the PHB/BDF grains as white pixels.
The evolution of the blend grains was then analyzed by observing the total white pixels
in the matrixes of the binary pictures during the time. The pictures were treated using
Illustrator (Adobe©, San José, CA, USA) and the image processing was carried out using
the thresholding application in MATLAB (MathWorks©, Natick, MA, USA) [26]. Polymer
degradation at a certain time t is then expressed as the percentage of the initial total white
pixels (WP) of the binary matrix.

Degree of degradation(t)(%) =
WPt

WPt0

× 100 (2)

With WPt the white pixels of the binary image at t and WPt0 the white pixels of the
photo at t0.

To compare the degradation kinetics of the various PHB/BDF blends, the results for
each sample were also expressed as t50, which is the duration necessary to reach 50% of
the degradation of the initial polymer. The t50 values were determined using polynomial
regression with the highest significance (the selected polynomial degree for the model was
significant when tested with an F-test and maximized both the coefficient of determination
R2 and the adjusted coefficient of determination adj-R2).

2.3.5. Statistical Analysis

Experiments were carried out in triplicate. The results were tested by one-way ANOVA
and the comparison of the means was done using Tukey post hoc range tests (α= 0.05).
Statistical analyses were carried out using MATLAB (MathWorks©).

3. Results and Discussion

Along with the article, the polymer materials are tested under different forms—
specimen, film, and powder—because certain forms are more suitable than others to
carry out the tests. The thermal properties of the tested materials under the different forms
are given in Table 1.

3.1. Chemical Degradation

The study of the degradation of the polymer blends through the use of a chemical
agent was carried out to serve as a model to study the degradation processes with the other
methods. Sodium hydroxide was chosen because it is a strong stress cracking agent to
PHB. Indeed, it has been shown that a solution of 3 M NaOH dramatically damaged the
surface and favored the surface cracking of PHB-HV (96/6%) during tensile testing [27].
However, at lower concentrations of 0.1 to 1 M, alkali treatments of 24 h increase the
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hydrophilicity of PHB film surface through breaking of ester bonds and subsequent increase
in densities of hydrophilic terminal carboxyl and hydroxyl groups without changing the
overall mechanical properties as suggested by the weight loss values that were 0.3 and
3.7 w% for the 0.1 to 1 M treatments, respectively [28]. Following this idea, Yang et al.
(2002) have shown that PHB films treated with 1 N NaOH solution at 60 ◦C for 1 h
reduced the pore sizes of the films, although the authors did not observe any macroscopic
morphological change on the surfaces. This modification of the texture of the film, coupled
with the increase in the hydrophilicity improved the biocompatibility of the films as the
mammal cells were more likely to attach on the surface to grow [14,29]. In the present
case, alkali treatments (0.25 M NaOH solution) were carried out on the specimen. After
32 h, degradation was only observed for the samples that contained BDF. Furthermore,
the results showed that as BDF increases, the percentage of degradation increases as well—
23.0% and 73.7% for the PHB/BDF blends 5 w% and 40 w%, respectively—suggesting an
important role of the plasticizer in the hydrolysis reaction (Figure 2).

Table 1. DSC Analysis of the PHB/BDF Blends.

Type Specimen Film Powder

Composition Tg (◦C) Tm (◦C) Tc (◦C) Tcc (◦C) Tg (◦C) Tm (◦C) Tc (◦C) Tcc (◦C) Tg (◦C) Tm (◦C) Tc (◦C) Tcc (◦C)
PHB 0.7 162.9 90.4 35.8 0.1 159.8 - 36.5 - 170.0 92.2 -

PHB/BDF 5
w% 0.0 162.0 64.1 36.2 −4.7 157.7 - 32.5 0.75 160.7 66.6 31.7

PHB/BDF 10
w% −1.5 156.7 - 37.2 0.8 160.1 - 39.5 0.7 158.5 58.7 34.5

PHB/BDF 20
w% −5.8 151.4 - 38.0 −2.5 152.7 - 39.8 −4.9 150.6 - 35.4

PHB/BDF 30
w% −8.6 146.7 - 44.3 −11.7 140.0 - 42.4 −8.4 143.3 - 35.9

PHB/BDF 40
w% −9.4 144.0 - 45.7 −10.3 145.5 - 37.4 −9.1 142.2 - 38.0
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This aspect may be due to the altered properties of the blends in the presence of
BDF. This renders the polymer chains of PHB more susceptible to NaOH hydrolytic action
(Table 1). A possible mechanism is related to the saponification of BDF itself that liberates
oxyanions and carboxylates that may participate in the PHB chains scissions in a bulk
degradation process (Figure 3). On the contrary, no degradation was observed for the
sample with 100 w% PHB. This result was confirmed by the fact that, in the case of the
commercial PHB powder, no alkaline degradation could be observed either, suggesting that
extrusion had no influence on the degradation process. Interpretations of the spectra were
also made by comparison with the monomer (β-hydroxybutyric acid) spectrum (Figure
S2, Supplementary Materials). Confirmation of the presence of monomers in the spectra
was carried out with homonuclear correlation spectroscopy (1H-1H COSY) (Figure S3 in
the Supplementary Materials). The kinetics of the spectra during the alkali degradation
showed a progressive appearance of the monomer—peak at 4.2 ppm—and disappearance
of the polymer—peak at 5.2 ppm—(Figure 4).
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Figure 4. 1H NMR (CDCl3) spectrum of specimen PHB/BDF 40 w% during alkali degradation with
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30 min of reaction; spectrum 20 corresponds to 32 h reaction.

3.2. Enzymatic Degradation

The specific enzymes involved in PHB degradation are the PHB-depolymerase. There
are two types of such enzymes: intracellular PHB-depolymerases for which the PHB repre-
sents the endogenous carbon reservoir and the hydrolysis is carried out by an accumulation
of bacteria, and extracellular PHB-depolymerases for which PHB is an exogenous carbon
source and is not limited to the producing bacteria but is also largely found in fungi [16].
In comparison, the occurrence of extracellular depolymerases is more widely reported
amongst microorganisms as compared to that of intracellular depolymerases [30]. However,
the number of commercially available PHB-depolymerases is still scarce as are the reports of
commercial hydrolases that efficiently degrade PHB. Indeed, commercial lipases, esterases,
and proteinases from various sources have shown no degradation effects on PHB [31]. In
the present case, and unlike the study carried out by Alejandra et al. (2012), no degradation
has been observed on any PHB film regardless of the BDF content during our enzymatic
reactions carried out with Lipopan© 50 BG and Everva© [25] (Figure S4, Supplementary
Materials). This absence of enzymatic degradation was observed regardless of the nature
of the blends—powder or film. The extrusion also had no effect as the commercial PHB
was not degraded either. Moreover, the tested pH (7.4 and 9), the tested temperatures of
reaction (37 ◦C and 45 ◦C), the stirring (50 rpm) or the static conditions and the tested
enzyme concentrations (17.5, 35, and 175 mg·mL−1) had no effect on the process.
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3.3. Fungal Degradation

To carry out an isolation of PHB-degrading microorganisms, the film was chosen
over the specimen because it maximizes the surface available for the microorganisms for
colonization and, unlike powder, it can be recovered for further isolation. Soil samples were
chosen as the source of inoculum because it is the natural environment of PHB-producing
bacteria. This way, a study involving the isolation of PHB-degrading microorganisms
from various habitats such as compost, soil, air, and horse dung has shown a prevalence
of soil fungi over bacteria, protozoa, and lichens as potential degraders [32]. This is
not surprising since fungi are primary decomposers of polymeric compounds in many
ecosystems. Identified PHB-degrading fungi involve fungi of the genera Paecilomyces,
Aspergillus, Penicillium, Fusarium, Alternaria, and Trichoderma [32–35]. After 4 weeks in the
soils, the samples of PHB films were highly degraded, fragmented on the edges, and with
variable thickness. The cultivation of these fragments of PHB film led to the isolation
of 45 different strains. From this collection, further isolation using a selective medium
containing PHB as the sole carbon source allowed us to isolate a strain of zygomycete
belonging to the order of the Mucorales: a strain of A. elegans (Figure S5, Supplementary
Materials). This species has previously been reported as a member of the fungal community
colonizing PLA/PHB blend mulches in the soil [36]. The ability of the fungus was confirmed
through FT-IR analysis of a PHB film after the A. elegans was grown on it for 3 weeks
(Figure 5). After the cultivation of the fungus, there is the appearance of a large band
between 3000 and 3600 cm−1, corresponding to the hydroxide and carboxylic acid functions
carried by the oligomers after the cleavage of PHB chains. Moreover, bands located at
1634 cm−1 also appeared after degradation, suggesting the formation of carbon–carbon
double bonds in the backbone of the molecules, and the band at 1716 cm−1 corresponding
to the carbonyl ester group was reduced greatly. The conversion of carboxylic acid groups
into alkenes has already been highlighted during fungal degradation [37].

After having selected the strain and confirmed its potential in the degradation of PHB,
the effect of BDF composition in the blends was investigated using imagery analysis of the
pictures that were taken during the fungal growth. Indeed, in the media containing the
different PHB/BDF blends as the sole source of carbon, the PHB/BDF particles are visible
as white grains and this form is thus convenient to measure their evolutions during the
time, as the fungus grows (Figure 6).

In order to quantify the polymer degradation, the pictures were treated. Binarization
is the conversion process of a multi-tone image into a bi-tonal image in which a threshold
range is set; associating pixels to white (or 1) if its tone value is within the threshold
boundaries, or to black (0) if it is outside the range. The generated binary matrixes ease
the mathematical treatments, notably decreasing the computational load [38] (Figure 7).
The selection of the threshold range is a delicate step as many factors may affect the final
binary image beforehand, that is why it is important to standardize the shot of films with
the same illumination, exposure time, and focal distance. Moreover, the mycelium being
white may also interfere with the final calculation of the WP in the binary image. For
that matter, the thresholding function is useful as it allows the user to set the threshold
interval in order to find the right compromise in the grey tones acceptation to only consider
PHB/BDF particles and reject mycelium from the binary image. In the present case, the
image treatment had to involve the same threshold range on the complete photo series
constituted by a degradation kinetic to obtain relative values regarding this degradation.
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Figure 7. Image treatment and analysis process.

The results obtained from the image treatment and analysis revealed an influence of
the BDF percentage on the degradation of the blend by the fungus (Figure 8). This was
statistically verified by comparing the t50 that decreases as the BDF percentage increases
(Figure 9). Pure PHB was slower to be degraded by A. elegans as it required more than 300 h
to be fully degraded. On the other hand, the presence of more than 20 w% of BDF in the
blend showed more rapid degradation of the material by the fungus as 50% of degradation
was reached at around 100 h. It is worth mentioning that many fungi with plant-degrading
activities are able to degrade and metabolize p-hydroxycinnamic acid derivatives such as
ferulic acid, which is a structural compound in the lignocellulosic matrix [39,40]. In the
present case, it seems that A. elegans preferentially degraded the PHB blends with higher
BDF content. By contrast, blends of lignin and PHB obtained by melt extrusion were more
resistant to microbial degradation after being buried in the soil. This phenomenon has
been explained by the fact that lignin formed strong hydrogen bonds with the PHB, thus
reducing its bioavailability for microbes [41].
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Figure 9. t50 associated to each powder of PHB/BDF blend. Different letters mean a significant
difference as determined with a one-way ANOVA and Tukey post hoc range tests (α = 0.05).

4. Conclusions

Whatever the tested conditions, no enzymatic biodegradation of the PHB/BDF
blends has been achieved in this work using industrial lipases. The chemical and fungal
(bio)degradation processes of the PHB blends, on the other hand, were enhanced as higher
contents of the plasticizer BDF were used. In the chemical degradation experiments in
NaOH solution (0.25 M), it was shown that BDF was essential for the degradation to occur.
In the case of fungal biodegradation, a new strain was isolated from soil samples and
the evaluation of the fungus-mediated biodegradation was carried out through an image
processing approach, which allows an indirect, non-destructive online monitoring of the
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biodegradation. Nevertheless, other monitoring techniques can be used to evaluate the
metabolic activity during fungal growth, such as respirometric measurements of the con-
sumed O2 or the produced CO2. This approach holds an interesting perspective since the
experiments were carried out in well plates with the potential development of automated
procedures, to use this approach in high-throughput screening studies. Regarding the A. ele-
gans strain, evaluation of its metabolic potential could eventually result in the production of
interesting high-value molecules from PHB residues and further evaluations should include
proteomic studies to determine which enzymes are involved in the PHB degradation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14081564/s1; Figure S1: 1H NMR (CDCl3) spectra of
PHB/BDF 40 w% and PHB; Figure S2: 1H NMR (CDCl3) spectrum of β-hydroxybutyric acid;
Figure S3: 1H-1H COSY (CDCl3) of PHB/BDF (40 w%) after 32 h of degradation with NaOH solution
(0.25 M); Figure S4: 1H NMR (CDCl3) spectra of powders of PHB blends after 7 days of reaction with
5.8 mg·mL−1 of Lipopan© 50 BG at pH = 7.4, 37 ◦C and stirred at 50 rpm; Figure S5: Pictures of the
PHB film a./ at t0 and b./ after 4 weeks in the soil samples c./ microscopic observation of A. elegans,
the aseptate hyphae and sporangia are visible.
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Abstract: This research focuses on key priorities in the field of sustainable plastic composites that
will lead to a reduction in CO2 pollution and support the EU’s goal of becoming carbon neutral
by 2050. The main challenge is to develop high-performance polyphenol-reinforced thermoplastic
composites, where the use of natural fillers replaces the usual chemical additives with non-toxic
ones, not only to improve the final performance but also to increase the desired multifunctionalities
(structural, antioxidant, and antibacterial). Therefore, poly (lactic acid) (PLA) composites based on
Kraft lignin (KL) and tannin (TANN) were investigated. Two series of PLA composites, PLA-KL and
PLA-TANN, which contained natural fillers (0.5%, 1.0%, and 2.5% (w/w)) were prepared by hot melt
extrusion. The effects of KL and TANN on the PLA matrices were investigated, especially the surface
physicochemical properties, mechanical properties, and antioxidant/antimicrobial activity. The
surface physicochemical properties were evaluated by measuring the contact angle (CA), roughness,
zeta potential, and nanoindentation. The results of the water contact angle showed that neither KL nor
TANN caused a significant change in the wettability, but only a slight increase in the hydrophilicity of
the PLA composites. The filler loading, the size of the particles with their available functional groups
on the surfaces of the PLA composites, and the interaction between the filler and the PLA polymer
depend on the roughness and zeta potential behavior of the PLA-KL and PLA-TANN composites
and ultimately improve the surface mechanical properties. The antioxidant properties of the PLA-KL
and PLA-TANN composites were determined using the DPPH (2,2′-diphenyl-1-picrylhydrazyl) test.
The results show an efficient antioxidant behavior of all PLA-KL and PLA-TANN composites, which
increases with the filler content. Finally, the KL- and PLA-based TANN have shown resistance to the
Gram-negative bacteria, E. coli, but without a correlation trend between polyphenol filler content
and structure.

Keywords: poly (lactic acid); Kraft lignin; tannin; multifunctionality of PLA composites; surface
mechanical properties; antioxidant/antibacterial activity

1. Introduction

Sustainable and environmentally friendly production of polymer-based composites
is increasingly promoted due to the accumulation of the most commonly used non-
biodegradable highly durable conventional plastics from the petrochemical industry, lead-
ing to uncontrolled environmental pollution. According to the new vision for plastics in
Europe under the European Strategy for a Circular Economy, polymer composites derived
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from natural resources are highly desirable to reduce CO2 emissions and the environmental
footprint [1–3].

In this context, biodegradable poly (lactic acid) PLA, a thermoplastic polyester pro-
duced from renewable resources such as starch or sugarcane, has emerged as the fron-
trunner among the numerous polymer-based material composites that have been used
for industrial applications as packaging materials or as a leading functional material in
biotechnology and medicine (drug delivery, tissue engineering, 3D-printed devices) [4–7].
Compared to other conventional biopolymers, PLA has the following advantages: (i) envi-
ronmental friendliness, (ii) biocompatibility, and (iii) processability and energy saving (20–25%
less energy is consumed during PLA production compared to petrol-based polymers) [8–10].

However, some disadvantages limit its applicability: (i) low toughness, (ii) slow
degradation rate, (iii) hydrophobicity, and (iv) chemical inertness due to the absence of
reactive side chain groups. Therefore, with the incorporation of reinforcing agents into
PLA in the field of nanomaterials or bulk material leading to a synergistic effect, the
new technological development has overcome the limitations of PLA and in this way
also improved the properties of PLA composites and introduced functionality [11–16].
Functional materials are designed to perform one or more necessary functions. Self-
cleaning, conductive, magnetic, optical, and bioactive properties are of great interest for
plastic composites, offering advantages over conventional plastics. In the packaging sector
in particular, bioactivity in the form of antioxidant, antimicrobial, and barrier-forming
properties is critical to extending the shelf life of food and ensuring its safety [17–26].

Considering the natural renewable reinforcements based on polyphenolic material,
Kraft lignin (KL) and tannin (TANN) have great potential for the preparation of PLA
composites to enhance functionality, especially toward bioactivity, whilst both phenolics
act as free radical scavengers and thus as natural antioxidants that are UV resistant and
bioactive [27,28]. In general, the incorporation of KL/TANN in polymer matrix exhibits
several positive impacts as a compatibilizer, plasticizer, water repellent, flame retardant,
and stabilizer; it also generates interest in the development of thermoplastic composites as
adhesives and resins [29–35].

It is accepted that the antioxidant properties of KL/TANN correlate with the structural
characteristics of polyphenols (Mw, molecular weight, polydispersity, functional groups)
and their purity and depend on the size of the filler particles, the type of KL/TANN (grape
tannin, pine bark tannin, mimosa tannin), and the loading mass [27,33,35–37]. In general,
non-esterified hydroxyl groups cause high heterogeneity and polydispersity, resulting in
lower antioxidant activity. In contrast, aromatic hydroxyl groups and high Mw exhibit high
antioxidant activity. When a nanoscale filler is used, the enhanced antioxidant activity is
attributed to the higher specific surface area. Grape tannins in 1% content in the polymer
confer antioxidant properties and the effect increases steadily with TANN loading. In
addition to grape TANN, pine bark and mimosa also play a role as effective short-term
stabilizers [27,31].

In addition, it is hypothesized that the incorporation of KL/TANN in PLA could
induce structural changes in PLA-KL/TANN composites on the one hand and modification
of PLA surfaces on the other, which could not only improve the mechanical properties
of PLA composites but also enhance hydrophilicity and roughness and further on confer
antibacterial/antioxidant properties, which is a key strategy for packaging and functional
bioengineering materials. A recent publication also elaborated that the crystalline mor-
phology, structure, and interaction between the reinforcing agent and PLA affected the
mechanical properties of the surface [37]. The amphiphilic behavior of KL improves filler-
polymer compatibility, reduces polarity, and improves dispersion. At low or moderate wt%
of the addition of KL, the mechanical performance is improved yet it depends on the chain
length of the KL filler. On the other hand, several reports have found that the reinforcement
of KL in PLA, Poly (butylene succinate) (PBS) and Poly (caprolactone) (PCl), and most
aliphatic polyesters deteriorates the mechanical properties of lignin-based thermoplastic
composites due to insufficient bonding between lignin and polymer [38–40]. To over-
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come this problem, chemical modifications have been carried out using coupling agents
(e.g., esterification, acylation, and alkylation) and by organic solvent fractionation [39–44].
By incorporating TANN into PLA, the final properties also related to surface mechani-
cal properties are associated with several problems: (i) the problem of incompatibility
of hydrophilic TANN and polymer, leading to low adhesion of PLA-TANN composites,
(ii) particle size control, and (iii) the mass fraction of TANN loading. The poor adhesion
between hydrophilic TANN and hydrophobic polymer must be addressed, which leads
to a severe decrease in mechanical properties. However, the addition of compatibilizers
improves the interaction between TANN and polymer but poses some environmental and
economic problems [27].

Although many studies have focused on the properties of polymer-based KL or
TANN composites, no study has been published in the literature comparing the impact of
KL/TANN natural additives on PLA-KL and PLA-TANN composite materials, without
the addition of environmentally problematic toxic additives according to the sustainable
attractive material from the point of view of safety and economy. In addition, there is the
question of how admixture might affect the final synergistic end performance, including
surface properties and mechanical and antibacterial/antioxidant activity. Surface properties
are particularly important, because most plastics, especially those intended for packaging
and biomaterials, work on the surface with contact media (food, tissue, etc.,). Therefore,
taking into consideration the multifunctionality of PLA-KL and TANN composites, the
objective of this work is primarily focused on comparing the overall performance of PLA
composites processed by the hot melt extrusion method, improving the surface mechanical
properties, and providing the antioxidant/antimicrobial activity. The dependence on two
different polyphenols, KL and TANN, on the functional surface properties was investigated,
whilst those PLA-based renewable thermoplastic composites filled with KL and TANN were
already studied in terms of crystallization phenomena, interfacial interactions between PLA
and KL, TANN, molecular mobility, and thermal degradation in our previous work [45,46].

In general, the surface mechanical properties of PLA-KL and PLA-TANN composite
films were correlated to roughness as well as the contact angle measurement using goniom-
etry, surpass zeta potential, and nanoindentation. Finally, the antioxidant/antimicrobial
activity of the developed composites was also estimated using standard methods (DPPH•
(2,2′-diphenyl-1-picrylhydrazyl), DSM 1576) [34,47]. Reinforcement with two different
polyphenols, KL and TANN, resulted in promising multifunctionality of the material,
allowing it to be used for both packaging and biomedical applications. However, the
antioxidant reinforcing agents not only endow the composites with antioxidant activity
but also improve their stability and prolong their shelf life. On the other hand, the addi-
tional antimicrobial activity of PLA composites provides a high quality microbial inhibiting
material required for many advanced applications.

2. Materials and Methods
2.1. Materials

The polymer used in this study as the matrix was neat PLA, poly (L-lactic acid, with
96% of L and 4% of D isomer) and was provided by Plastika Kritis S.A. (Iraklion, Greece)
with molecular weight Mw~75 kg/mol and intrinsic viscosity η = 1.24 dL/g. Kraft lignin
(KL) and tannin (TANN) samples were acquired from Sigma-Aldrich. The physiochemical
properties of KL and TANN were described in our previously published work [45,46].

PLA Composites Processing

KL and TANN were incorporated in different percentages (0.5, 1.0 and 2.5 wt%) into
the PLA matrix. To remove moisture, PLA granulates, KL, and TANN were left in a
vacuum oven overnight at 110 ◦C. PLA-based KL and TANN composites (PLA-KL, PLA-
TANN) were prepared by melt mixing. The dried materials were prepared in a corotating
twin screw melt mixer with 30 rpm at 195 ◦C for 10 min. The thin films (330–500 µm) of
PLA-KL and PLA-TANN were obtained with thermal pressing at 180 ◦C with a Paul-Otto
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Weber (Paul-Otto Weber GmbH, Remshalden, Germany) thermal press and followed by a
sudden cooling.

A complete overview of the prepared PLA-KL and PLA-TANN composites is pre-
sented in Table 1 with names for each composite mixture.

Table 1. Prepared PLA-KL and PLA-TANN composites.

Material
Description/Polyphenolic

Filler Loading [wt. %]
0.5 1.0 2.5

PLA-based Kraft lignin PLA-0.5KL PLA-1.0KL PLA-2.5KL

PLA-based tannin PLA-0.5TANN PLA-1.0TANN PLA-2.5TANN

2.2. Methods
2.2.1. PLA Composites Based on KL/TANN Characterization
Surface Mechanical Properties of PLA-KL and PLA-TANN Composites

To study the surface mechanical properties of PLA-KL and PLA-TANN composites,
the contact angle measurements of water was followed. In total, the contact angle of all
seven PLA composites (neat PLA and PLA-KL and PLA-TANN) with three different KL
and TANN contents were measured using a goniometer from DataPhysics (Filderstadt,
Germany). For this purpose, 3 µL of water was dropped onto the composite surfaces
and an average of at least three liquid droplets per surface were calculated. In this way,
the static contact angles (SCA) were measured at room temperature. The water contact
angle determination of KL and TANN was also measured in the form of a pellet (Figure 1).
The KL and TANN was dried overnight at 100 ◦C in a vacuum oven. The dried KL and
TANN was ground into fine powder and a small amount of the KL and TANN powder
was added to the collar of a Perkin Elmer Hydraulische Presse. The KL and TANN powder
was pressed for 2 min to form a pellet. Contact angle measurements were performed using
ultrapure water (Millipore, Burlington, MA, USA).
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Figure 1. Images of the pellet sample of (a) Kraft lignin and (b) tannin.

For the surface zeta potential as charge indication analysis with SurPASS-3 (Anton
Paar GmbH, Graz, Austria), two sample pieces of approximately 10 mm × 10 mm were
cut for the streaming potential measurement. The sample pieces were fixed on the sample
holders of the Adjustable Gap Cell (with a cross-section of 20 mm × 10 mm) using double-
sided adhesive tape. The sample pieces were aligned opposite each other such that the
maximum surface area of the samples overlapped. The permeability index of the sample,
by rotating the micrometer, was set to around 100. A 1 mM KCl electrolyte solution was
used and the pH was automatically adjusted with 0.05 M NaOH and 0.05 M HCl. The
pH dependence of the zeta potential was determined in the range of pH 2–10. A pressure
gradient of 200–600 mbar was applied to generate the streaming potential. The distance
between the sample pieces was adjusted to 105 ± 5 µm. Streaming potential measurements
were performed using an aqueous 0.001 mol/L KCl solution as the background electrolyte.
The pH dependence of the surface zeta potential was determined by adjusting an initial
pH 10, using 0.05 mol/L KOH as reported elsewhere [48].
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The surface roughness of PLA, PLA-KL, and PLA-TANN composites was measured
using scratch testing with topographical compensation available for G200 Nanoindenter
(Agilent, Santa Clara, CA, USA) that was already described in the literature [37]. Roughness
values in nanometers have been extracted from the 500 µm long surface scan with an
applied small force of 20 µN. Profiling velocity was set to 10 µm/s for every 10 scratches
per material, which were located at 200 µm from each other.

Continuous Stiffness Measurement is a nanoindentation characterization method de-
veloped by Oliver and Pharr [49], which utilizes the dynamic loading of the sample material.
CSM tests were performed using Nanoindenter G200 equipped with XP head according to
protocol established in [37] and testing parameters are presented in Table 2.

Table 2. Testing parameters of Nanoindenter G200.

Tip Geometry Depth [nm] Distance between
Indents [µm] Poisson’s Ratio Number of

Indents

Berkovich 2500 100 0.35 36

Antioxidant Properties of PLA-KL and PLA-TANN

The radical scavenging activity of neat PLA, PLA-KL, and PLA-TANN composites
was evaluated using DPPH• (2,2′-diphenyl-1-picrylhydrazyl) (Sigma-Aldrich, France). The
method of antiradical activities is based on the reduction of the DPPH• radical, which is
analyzed spectrophotometrically at a wavelength of 517 nm (Spectrophotometer (UV-VIS)
UV-1800 Shimadzu) as it was clearly introduced in our previously published paper [48].
The antioxidant capacity can be determined by the decrease of absorption at wavelength
517 nm. DPPH• radical can be reduced in the antioxidant (AO) presence, with the con-
sequent decolorization from purple to yellow. DPPH solution was prepared in methanol
(8.1 × 10−5 mol/L) at ambient temperature [27,50].

Briefly, all the samples neat PLA, PLA-KL, and PLA-TANN composite samples disks
(1 cm × 1 cm) were directly immersed into 3 mL of the methanol DPPH• solution. The
antiradical activities of the neat PLA, PLA-KL, and PLA-TANN films were determined
straightaway after 1 h, 6 h, 12 h, and 24 h. The radical scavenging activity was calculated as
per the following expression:

Inhibition = (Acontrol − Asample)/Acontrol × 100%,

where AControl is the absorbance measured at the starting concentration of DPPH• and
ASample is the absorbance of the remaining concentration of DPPH• in the presence of
PLA-KL and PLA-TANN composite polymers. The reference neat PLA material was
also tested.

Antibacterial Properties of PLA-KL/PLA-TANN Composites

The microbiological analysis of neat PLA, PLA-KL, and PLA-TANN composites
against the bacteria Escherichia coli (DSM 1576) as standard Gram-negative bacteria was
performed according to the internal protocols standardized for plastic surfaces by the
Department of Microbiological Research, Center for Medical Microbiology of the National
Laboratory for Health, Environment and Food in Maribor, d.i.e., No. P96 Biofilm produc-
tion on various materials P90 (ISO22196) reported elsewhere [51,52]. In brief, the neat PLA,
PLA-KL, and PLA-TANN composite films of size 10 mm × 10 mm (approximately, 0.12 g
of PLA composite material) were exposed to the standardized medium inoculated with
Escherichia coli and set at 0.5 on the McFarland scale at three different incubation times:
1 h, 12 h, and 24 h. Then, after inoculation of the neat PLA, PLA-KL, and PLA-TANN film
composites, the viable bacteria were evaluated by the pour plate method (plate counting
agar was used). The effect of incorporation of polyphenolic filler loading into the PLA ma-
trix composites was calculated as a reduction of bacterial growth and counting of bacterial
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number after incubation of neat PLA polymer compared with PLA-KL and PLA-TANN
composite films.

3. Results and Discussion
3.1. Surface Mechanical Properties of PLA-KL and PLA-TANN Composites

The addition of polyphenolic fillers in PLA polymer such as KL and TANN leads
on the one hand to changes, especially for packaging/biomedical applications, such as
thermal behavior and degradation, semi-crystalline morphology, interfacial phenomena,
and molecular mobility as published by our team [45,46], and on the other hand to im-
proved functional properties with enhanced mechanical properties and antibacterial and
antioxidant behavior of PLA-KL and PLA-TANN composites as shown here. To explore
the distribution of KL and TANN in PLA polymer that causes the changes in PLA-KL and
PLA-TANN surface behavior, the contact angle measurements, roughness measurements,
zeta potential, and nanoindentation were investigated in more detail.

Figure 2a,b first shows the images of PLA-KL and PLA-TANN films with a homoge-
neous distribution of KL and TANN in the polymer material. Due to the native darker
color of KL and TANN, the PLA composite material is darker, which could be explained by
a suitable mixture between polyphenolic filler and PLA.
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Figure 2. Images samples of (a) PLA-TANN and PLA-KL composite films using different KL and
TANN concentrations. The wettability of (b) neat PLA, KL, TANN, PLA-KL, and PLA-TANN
composites as a function of wt. % of KL and TANN loading. Star marker represents neat PLA
material.

The water contact angle measurement was applied to investigate the hydrophilic-
ity/hydrophobicity of PLA-KL and PLA-TANN composites. Due to the low hydrophilicity
of neat PLA (neat PLA showed contact angle values of 86.5 ± 2.5◦), the incorporation of KL
and TANN with predominant hydrophilic character into PLA could accelerate it [53–56].
The wettability of water with the surface of PLA-KL and PLA-TANN composite mate-
rial is shown in Figure 2c. Neither KL nor TANN cause a significant trend in wettability.
KL with the main phenolic and non-polar reactive groups (phenolic derivatives and aro-
matic hydrocarbons were identified) analyzed by Pyrolysis–gas chromatography/mass
spectrometry (Py–GC/MS) and published in the previous study could enhance either the
hydrophilic or the hydrophobic character of PLA-KL composites [45]. However, in our case
the hydrophilic character was determined (CA of PLA-0.5KL = 83.2◦, PLA-1.0KL = 87.8◦,
PLA-2.5KL = 79.2◦). In contrast, TANN with polar phenolic groups was found to exhibit
enhanced hydrophilicity. In general, all PLA composites with polyphenolic filler showed a
change in contact angle compared with neat PLA, with a slight increase in hydrophilicity at
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the lowest KL and TANN concentration. The 0.5 wt.% addition of KL and TANN decreased
the contact angle of PLA-KL by 5%. On the other side, the contact angle of PLA-0.5TANN
composites was 17% lower than neat PLA, resulting in a higher hydrophilic nature of PLA
composites. By increasing the KL concentration (1.0 wt.%) the water contact angle does
not significantly change compared with neat PLA, but the 1% of TANN in PLA leads to
an improved contact angle at 10%. Finally, further addition of TANN (i.e., 2.5%) increases
the contact angle of PLA-TANN composites by 5%; in contrast, the PLA-KL composites
CA decreased.

The wettability of PLA-KL and PLA-TANN composites may be caused by the incorpo-
ration of KL and TANN and the interaction between neat PLA and KL/TANN filler and
their available functional groups on the surfaces of PLA composites, which has already been
explained in the literature [46]. Moreover, in the case of PLA-TANN, the hydrophilicity of
TANN is more pronounced compared with KL (Figure 2c), which could be explained by the
greater preferential interaction between the polar polyphenolic fillers of TANN than KL that
exceeded an amphiphilic structure. Secondly, the wettability could be related to the differ-
ences in particle size of TANN and KL that provide available functional groups needed for
interaction with PLA and a better distribution in PLA. Previous results of scanning electron
microscopy (SEM) analysis determined the size of KL particles (600 nm) in comparison
with TANN (450 nm). Thus, the results are consistent with those previously published [46]
for PLA-polyphenol composites, but also differ from ours in terms of the origin and proper-
ties of KL and TANN and the processing of the final composite, which resulted in more
hydrophilic composites (lower contact angle) compared with neat PLA [33,35,40,50,57].

The measurement of water contact angle has further been related to surface roughness,
polymer, and filler chemistry. The average roughness of PLA, PLA-KL, and PLA-TANN
composites is represented in Figure 3. Apparently, all samples, PLA, PLA-KL, and PLA-
TANN, have a rough surface; however, the difference of material properties is still statisti-
cally significant according to ANOVA analysis. With the incorporation of KL and TANN,
the roughness of the PLA composites changed and decreased with increasing polyphenol
addition; more specifically, the PLA-TANN composites showed higher roughness than
neat PLA and with increasing TANN loading the roughness of PLA-TANN decreased. In
contrast, the roughness of PLA-KL showed approximately the same trend and did not
change significantly. The smaller particles size of TANN and available functional groups
at 0.5 wt.% of content of addition in PLA led to an increased interaction with PLA and,
eventually, a more visible effect on the surface of the PLA-TANN composites. On the other
hand, non-prominent interaction between KL and PLA neither in the small nor in the high
concentration leading to agglomeration of KL in PLA does not much affect the roughness
of PLA-KL film.
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The roughness measurements of PLA-KL and PLA-TANN composites explain approx-
imately the same trend of distribution of the polyphenolic filler in PLA polymer composites
of metal oxide-based PLA composites in the PLA surface region and its roughness behav-
ior [37]. This could be due to the incorporation and interaction of KL and TANN, which
are stronger or more pronounced with decreasing loading of polyphenolic filler and lead to
a higher availability in the inner region of PLA-KL and PLA-TANN composites, causing
the changes in the surface region.

In general, the trend of change in the water contact angle of PLA-KL and PLA-TANN
composites agrees well with that of surface roughness, indicating the distribution of KL and
TANN in PLA composites and varies in different deep layers of PLA-KL and PLA-TANN
composites (Figure 4). From the correlation plot between CA and roughness (Figure 4),
the correlation coefficient for PLA-TANN is high (0.973), indicating higher linear strength,
while the lowest correlation coefficient is calculated for PLA-KL (0.715), which is still
considered strong.
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Surface charge expresses the interaction between PLA composites in aqueous solution
and solid surfaces and is a key factor in explaining the differences between PLA composites
before and after incorporation of the polyphenolic fillers. Therefore, the surface properties
of PLA-based polyphenolic filler as varying the filler types and filler content were followed
by zeta potential measurements. Figure 5a,b presents the zeta potential values of the
neat PLA, PLA-KL, and PLA-TANN composites with addition of polyphenolic filler as a
function of pH ranging from 2 to 12. The isoelectric point and the value of zeta potential
are indicators of the functional groups present on the surface of the PLA composites. The
decrease of the isoelectric point indicates the addition of acidic groups, while the increase
indicates the addition of basic groups. The isoelectric point (IEP) (Figure 5a,b) was observed
at pH = 3 for neat PLA; it is in accordance with the literature and it remains almost the
same with KL and TANN incorporation in PLA (PLA-0.5KL = 2.90, PLA-1.0KL = 3.05,
PLA-2.5KL = 3.21, PLA-0.5TANN = 3.11, PLA-1.0TANN = 2.75, PLA-2.5KL = 2.82) [58,59].
The negligible change in the IEP value of PLA-KL and PLA-TANN composites could be
related to the PLA polymer and polyphenolic structure. Both PLA and the KL and TANN
structures consist of COOH and OH groups. The interfacial interaction of PLA with KL
and TANN, namely by the carbonyl group reported in our previous work, does not affect
the charges and consequently yields a constant IEP value [48].
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The total zeta potential of PLA-KL and PLA-TANN composites with high negative
zeta potential at high pH towards more positive values was also determined in Figure 5. All
PLA-KL and PLA-TANN above pH = 3 composites accelerate the negative zeta potential.
The effects of the addition of KL and TANN in PLA on the surface and interfacial charge of
PLA-KL and PLA-TANN are described by the negative zeta potential at pH = 9 (Figure 5a,b).
It is clear that the zeta potential at pH = 9 plateau level follows a continuous trend related
to the KL and TANN loading and distribution in the PLA matrix.

Due to the incorporation of KL and TANN into PLA, more charges are induced on
the surface of PLA-KL and PLA-TANN, resulting in increased charge density, as shown
by the increase of negative zeta potential plateau, but with decreasing KL and TANN
loading. With increasing KL and TANN addition, the zeta potential at pH = 9 becomes
more negative than neat PLA. The polar groups are introduced onto the surfaces of the
composite, leading to an increase in PLA-KL and PLA-TANN surface hydrophilicity; also
evidenced by the contact angle measurements. The zeta potential method correlates well
with the measurement of the contact angle, which was shown in Figure 6 (the correlation
coefficient for PLA-TANN is 0.91; for PLA-KL it was calculated at 0.79). In conclusion,
the zeta potential measurements of all PLA-KL and PLA-TANN express anionic charge in
almost the entire pH range, indicating a high affinity for adhesion/adsorption of cationic
substances and repulsion of anionic substances, which may ultimately contribute to the
antibacterial properties of PLA-KL and PLA-TANN composites.

Nanoindentation was applied to investigate the effect of KL and TANN on the surface
mechanical properties of PLA-KL and PLA-TANN composites. Figure 7 shows the values
of nanoindentation modulus and hardness as a function of concentration of added polyphe-
nols. The values were analyzed in a depth range from 1000 to 1500 nm, where the substrate
has no influence. The values at zero concentration correspond to the neat PLA material and
are therefore the same for all added fillers. The addition of fillers increases the nanoinden-
tation modulus and hardness by a maximum of 8.9% and 20.9%, respectively, but the effect
of concentration is not significantly pronounced. The lowest concentration (0.5%) for both
polyphenols gives similar values for modulus and hardness, with a further increase of filler
content the values of the mechanical properties start to deviate. KL shows significantly
lower values compared to TANN. Moreover, the maximum investigated concentration of
additives leads to hardness values that are lower compared to the lower concentrations for
both TANN and KL, but the modulus still slightly increases for TANN and decreases for KL.
However, it can be seen that with increasing KL addition (from 0.5% to 2.5%) the modulus
and hardness decrease slightly, which could be due to the distribution of the KL near the
surface or in deeper layers of the film. This decrease correlates well with the decrease in the
contact angle and the measurement of zeta potential at the maximum KL concentration.
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Figure 7. Nanoindentation hardness (a) and modulus (b) in respect to concentration of added polyphenols.

Analysis of the values normalized to neat PLA material properties shows a higher
effect of the TANN additive compared to KL.

Figure 8 demonstrates normalized values of both measured properties, nanoindenta-
tion modulus and hardness, compared to the properties of neat PLA. Normalization has
been done by the modulus and hardness value of neat PLA for all materials. It is visible that
the addition of polyphenols affects hardness more than modulus measured by nanoindenta-
tion. While at low concentration of 0.5% the effect of KL and TANN are the same, for higher
concentration TANN causes more pronounced increase of both mechanical properties.

The differences between KL and TANN in PLA composites could be related to the
size of filler particles, interfacial interaction, and crystallization. First, the hydrodynamic
diameter of the filler particles measured by scanning electron microscopy (SEM) was
measured to be about 600 nm for the particles of KL in the previous work [46], while the
average size of the TANN particles was about 450 nm. Indeed, larger aggregates formed
in the PLA-KL composites than in the PLA-TANN composites. The results also show
that the dispersion and interfacial interaction between TANN and PLA are better than
those between KL and PLA, leading to improved adhesion and final surface mechanical
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properties of the PLA-TANN films compared to the PLA-KL composite films. In general,
incorporation of KL and TANN into PLA improved the final surface mechanical properties,
while the effect is slightly less pronounced with KL and TANN loading.
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3.2. Antioxidant Properties of the PLA-KL and PLA-TANN Composites

Natural antioxidant agents such as KL and TANN enhance the oxidation process and
indeed improve the stability of thermoplastic composites. They reduce the concentration
of reactive oxygen species and free radicals. Accordingly, antioxidant composites material
accelerates the important preventing process in packaging as well as in biomedical applications.

Figures 9 and 10 show the dependence of UV-vis spectra of PLA-KL and TANN
composites immersed directly in DPPH•-solution and measured at 517 nm, evaluated
after 24 h (1, 12, 24 h). The results of antioxidant activity of PLA-TANN composites are
shown in Figure 9. It can be clearly seen that neat PLA did not exhibit any antioxidant
activity. The absorbance of neat PLA after 24 h slightly decreases and therefore provides
around 17% of inhibition. With the incorporation of TANN into PLA, the antioxidant
activity of the PLA-TANN composites increased and reached the max value after 24 h.
Small differences between the PLA-TANN composites were measured, but the antioxi-
dant activity is approximately independent of TANN loading. In general, the PLA-0.5
TANN composites after 24 h reach 91% of AO inhibition, the same value of AO inhibition
94% is measured for PLA-1.0 TANN composites. Furthermore, Figure 9 also shows that
PLA-TANN composites containing 0.5 wt.% of TANN could reduce 50% of DPPH concen-
tration after 10 h. Moreover, PLA-1.0 TANN and PLA-2.5 TANN composite films showed
almost the same antioxidant activity up to about 17.5 h. The time-dependence study of
the absorbance of PLA-2.5TANN composites measured every 3 min is also represented
in Figure 9a.

Not only TANN but also KL is recognized as an efficient antioxidant accelerator in the
polymer matrix. Figure 10 clearly shows the difference between the antioxidant activity of
the PLA-KL composites with 0.5, 1.0., and 2.5% KL. As expected, the results represented that
higher concentration of KL yielded PLA-KL composites with higher antioxidant activity
during 12 h. With an increasing incorporation of KL in PLA, the antioxidant activity of
the PLA-KL composites was enhanced and after 24 h only the PLA-KL composites with
2.5 wt.% reached the maximum value of inhibition. The other two PLA-KL composites with
0.5 and 1.0% of added KL provide 70% antioxidant activity after 24 h, with no significant
differences between the composite activity.
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Figure 9. (a) The absorbance of PLA-2.5 TANN composites as a function of Wavelength (blue) and
(b) reaction kinetics and % of inhibition of the PLA based TANN composites film evaluated with
DPPH radical scavenging in the methanol solution indicated during 24 h (red).
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tion kinetics of the PLA based KL composites film evaluated with DPPH radical scavenging in the
methanol solution indicated during 24 h.

The results of the antioxidant activities of PLA-TANN and PLA-KL composites shown
in Figures 9 and 10 followed with the same behavior of KL and TANN as an antioxidant
accelerator, but with some differences; the PLA-TANN composites containing 0.5 wt.% of
TANN were able to reduce 50% DPPH concentration after 10 h and on the other side the
PLA-KL composites with 0.5 wt.% of KL after 15 h.

In all samples from PLA-TANN and PLA-KL, antioxidant activity is time-dependent
and increases in the period from 1 h to 24 h. Only 0.5% of KL and TANN resulted in a
halving of DPPH concentration, while the plateau is observed only in the samples with
a higher value of KL and TANN; therefore, it is expected that the antioxidant activity of
PLA-KL and PLA-TANN with 0.5 and 1.0% also increases when the 24 h is exceeded. The
results indicate that the oxidative capacity of PLA-TANN and PLA-KL composites increases
with increasing content of KL and TANN. Although our antioxidant evaluation of PLA-KL
and PLA-TANN composites measured by DPPH assay showed the superior antioxidant
properties of PLA-KL and PLA-TANN films, especially at a high loading of 2.5% of KL
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and TANN, the PLA-TANN composites enhanced the antioxidant activity more than the
PLA-KL composites at low levels of added polyphenols.

These results are consistent with a previous work that investigated the antioxidant
properties of PLA-polyphenol composites. This showed that the antioxidant properties
were improved as they were more efficient in reducing DPPH over time and increased with
increasing polyphenol content compared with the neat PLA polymer [50,60–67]. However,
our research provides some crucial differences between the measured antioxidant activities
of PLA-KL and PLA-TANN composites that could be related to the properties explained
below. In general, the antioxidant properties of polyphenolic fillers depend on the structural
properties of KL and TANN (Mw, functional groups, polydispersity, and purity). The
aliphatic hydroxyl groups in the side chains, non-esterified hydroxyl groups, polydispersity,
and low purity decrease the radical scavenging activity of KL. Additionally, KL with less
aliphatic hydroxyl groups and more phenolic hydroxyl groups, lower and narrower Mw
distribution increased the antioxidant activity. Another reason for the altered antioxidant
properties of KL could also be the length of the alkyl side chain in the phenylpropane units
and in the carboxyl and alcohol groups, which increased the antioxidant activity [27,50].

In conclusion, in our study, the lower antioxidant activity of PLA-KL compared to PLA-
TANN is probably related to the changes in polydispersity, low purity, and the presence of
fewer phenolic groups compared with TANN, which accelerate the antioxidant behavior
already measured in the study reported here [45,46]. The differences between the KL and
TANN polydispersity were found: 0.64 for KL and 0.44 for TANN. Indeed, the bigger
particles for KL (612 nm) in comparison with 454 nm of TANN contribute to more efficient
surface available OH and COOH group with PLA that enhanced the interaction with
polymer (measured in the study [45]). Moreover, the low purity of KL containing many
residual carbohydrates that can generate hydrogen bonds with phenolic hydroxy groups of
lignin and, therefore, interferes with the antioxidant activities of KL as was also studied in
the literature [27,31,32,60,62,64,68,69].

3.3. Antibacterial Behavior of PLA, PLA-KL, and PLA-TANN Composites

The last aspect of multifunctional properties refers to the antibacterial properties of
PLA-based KL and TANN composites. Regarding the charge of the polymer surfaces,
typically positive charges in the polymers were found to be precursors for the antimicrobial
activity and roughness of plastic surfaces altering the surface properties.

The antimicrobial assay of the neat PLA as a reference sample and the PLA composite
samples containing KL and TANN filler (in the three different concentrations 0.5%, 1.0%,
and 2.5%) was investigated against a model pathogen, namely E. coli, after 1 h, 6 h, and
24 h and is shown in Table 3. Accordingly, it can be seen that the antibacterial activity of
the PLA composites in the presence of KL and TANN was much more evident than that of
the neat PLA control, which showed resistance to the adhesion of E. coli, while neat PLA
showed no antimicrobial activity, as expected.

Table 3. Antibacterial assay of Neat PLA, PLA-KL, and PLA-TANN composites.

Composites Name/% of Inhibition in Time t1 [1 h] t2 [12 h] t3 [24 h]

neat PLA −14.11 −14.11 −14.11

PLA-0.5 TANN 1.78 20.87 20.87

PLA-1.0 TANN 13.02 58.1 58.1

PLA-2.5 TANN 14.2 88.11 87.21

PLA-0.5 KL 7.4 67.86 82.96

PLA-1.0 KL 3.25 54.27 36.52

PLA-2.5 KL 6.07 −4.85 −145.82

241



Polymers 2022, 14, 1532

The antibacterial activity of the PLA-TANN (Table 3) composites monitored after 24 h
showed that only the composite with 2.5% TANN achieved an antimicrobial activity of
88.5%. The composites with lower TANN content in PLA, i.e., 1.0% and 0.5%, achieved
lower values of bacterial activities, namely 58% and 20%, respectively. It seems that the
efficiency of antimicrobial activity of PLA-TANN composites increases with increasing
filler content. In contrast, composites with KL, which were incorporated into the PLA
composites, did not show the same trend against E. coli as PLA-TANN. The results of the
antimicrobial activities of PLA-KL with a high content of added KL (2.5%) exhibited a
lower antibacterial activity than neat PLA and thus showed no antimicrobial activities, but
the PLA-KL composites with only 0.5% showed an antibacterial activity of almost 82%
after 24 h.

The results also represent that the composites containing TANN and KL exhibited
bacterial resistance to E. coli regardless of filler loading. A clear dependence on antibacterial
activity is not evident. On the other hand, the antibacterial activity of PLA-KL is related to
its origin, the polyphenol content, the presence of the phenolic compound and, in particular,
the different functional groups containing carbonyl and hydroxyl groups considering the
published research [70]. In our study, the effect of the incorporation of KL and TANN
into PLA not only depends on the polyphenolic content and the carbonyl and hydroxyl
groups, but the effect was also attenuated by the roughness of the PLA-KL and TANN
composites and the presence of an active polyphenolic filler near the PLA surface. As noted
in the study of metal-based nanoadditives into the PLA matrix [37], the presence of an
active metal oxide filler on the surface of PLA altered the antibacterial properties of PLA
composites against E. coli. Moreover, the rough surfaces with larger surface area inhibited
the bacteria more.

Our results also indicate that bioactivity in the form of antioxidant and antimicrobial
properties is not diminished by surface parameters. It has been shown that most of
the monitored surface properties change more significantly when the amount of added
TANN and KL is decreased. Conversely, antioxidant activity is higher when the added
amount of polyphenols is higher, while for antimicrobial activity neither the added mass of
polyphenols nor a change in surface parameters has a clear influence.

4. Conclusions

In the present work, the preparation of sustainable and renewable PLA-based KL
and TANN composites by hot melt extrusion was investigated. The synergistic effect of
the incorporation of KL and TANN on the final surface mechanical properties as well
as antioxidant and antimicrobial activity of these composites was monitored. Moreover,
the incorporation of KL and TANN into PLA with three different contents proved to be
an effective method to enhance the surface mechanical properties of neat PLA, resulting
in a larger surface effect depending on the polyphenol loading, the size of the particles
with available functional carbonyl and carboxyl groups on the surface, and the interaction
between the polyphenol filler and PLA.

The results showed that the increased contact angle, roughness, and zeta potential
of the PLA-based KL and TANN could be related to the differences in the distribution
of polyphenols near the surface of the PLA composites. In addition, all PLA composites
showed hydrophilic character, which was more pronounced in PLA-TANN than in PLA-
KL. The zeta potential of the PLA-KL and PLA-TANN composites exhibited an anionic
charge throughout the pH range and correlated well with the hydrophilic nature of the
PLA-KL and TANN composites. The highest surface concentration of polyphenolic filler
resulting in a higher surface charge at the lowest content compared with neat PLA was
evaluated, confirming the preferential distribution of polyphenolic filler near the surface,
and decreased with filler loading as well as in the depth of the PLA polymer composites
themselves. Moreover, the nanoindentation measurements confirmed the performance of
both nanoindentation modulus and hardness for PLA-KL and PLA-TANN by a maximum
of 8.9% and 20.9%, respectively, with a higher effect of the TANN additive compared to KL.
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Finally, the synergistic and multifunctional effect of PLA-KL and PLA-TANN compos-
ites was also followed/supported by antioxidant and antibacterial activity. In addition, the
incorporation of KL and TANN into PLA resulted in the migration of radical scavengers,
which was monitored by DPPH assay; the kinetic study showed increased antioxidant
activity, which increased with polyphenol loading. The integration of KL and TANN into
PLA was sufficient for the preparation of antimicrobially active PLA-based KL and TANN
composites against E. coli, but the dependence of the polyphenol filler content on the final
antibacterial properties has not yet been clearly elucidated.
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45. Ainali, N.M.; Tarani, E.; Zamboulis, A.; Črešnar, K.P.; Zemljič, L.F.; Chrissafis, K.; Lambropoulou, D.A.; Bikiaris, D.N. Thermal Stability and
Decomposition Mechanism of PLA Nanocomposites with Kraft Lignin and Tannin. Polymers 2021, 13, 2818. [CrossRef] [PubMed]
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Ivanda, K.; Bota, J.; Cigula, T.

Improvement in Thermochromic

Offset Print UV Stability by Applying

PCL Nanocomposite Coatings.

Polymers 2022, 14, 1484. https://

doi.org/10.3390/polym14071484

Academic Editors: José Miguel Ferri,

Vicent Fombuena Borràs and Miguel

Fernando Aldás Carrasco

Received: 18 March 2022

Accepted: 3 April 2022

Published: 6 April 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

Article

Improvement in Thermochromic Offset Print UV Stability by
Applying PCL Nanocomposite Coatings
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Abstract: Thermochromic (TC) printing inks change their colouration as a response to a change in
temperature. This ability renders them attractive for various applications such as smart packaging,
security printing, and marketing, but their application is limited due to their low UV stability, i.e.,
loss of their thermochromic effect when exposed to UV radiation. In order to improve the UV stability
of TC prints, one offset TC printing ink was printed and coated with nanomodified polycaprolactone
(PCL) coating. The coating was prepared with the incorporation of 1%, 2%, and 3% mass ratios of
ZnO and TiO2 nanoparticles in the PCL matrix. The prepared nanocomposite coatings were applied
onto the TC print and exposed to UV radiation; afterwards, they were characterized by the colour
properties of prints, SEM microscopy, FTIR, and fluorescence spectroscopy. SEM microscopy, FTIR,
and fluorescence spectroscopy showed higher rates of polymer degradation, and the results of colour
stability indicated that 3% TiO2 in PCL matrix gave the best UV stability and protection of TC prints.

Keywords: thermochromic printing inks; UV stability; polycaprolactone; nanoparticles; TiO2; ZnO

1. Introduction

Printing inks are used on a range of different products from packaging, commercial
printing, protected documents, and ceramics to textiles, as a tool for communication, or
as a specific design feature. In order to fulfil consumers’ expectations, graphic products
should be functional and attractive; in this sense, printing inks can play an important role.
Thermochromic (TC) printing inks are just one example of how a graphic product can
dynamically interact with consumers. Thermochromic printing inks change because of
the influence of temperature, and due to that behaviour, they can convey a message to the
consumer on the basis of the ink colour they perceive. Thermochromic (TC) materials are
available in two forms: TC materials based on leuco dyes and on liquid crystals. In addition,
TC materials may be reversible or irreversible. Reversible leuco-dye-based TC materials
consist of at least three components, namely, colourant, colour developer, and solvent,
which mutually participate in two competitive reactions causing the thermochromic effect.
The first reaction occurs between colourant and developer when the coloured complex is
formed (at lower temperatures, when the solvent is in solid state), while the other reaction
occurs between solvent and developer (at higher temperatures, when organic solvent with
the increase in temperature becomes liquid, consequently causing the breakdown of the
colourant–developer complex). These reactions allow for the thermochromic complex
with a cooling process to return to its original state [1]. Thermochromic printing inks are
a mixture of TC pigments and binders. TC pigments are microencapsulated leuco-dye–
developer systems responsible for the creation of the TC effect, and they are usually about
10 times larger than the particle size of conventional ink pigments [2]. Ink binders may be
different depending on the printing processes for which they are intended or the preferred
application.

In addition to their functionality and attractiveness, these inks also have some draw-
backs that are mainly related to their poor stability to various chemicals and light [3,4].
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Their poor stability when exposed to UV radiation limits the time of exposure of products
to external conditions and limits their applications [4–6]. The polymer envelope is much
more stable than the mere polymer binder of thermochromic ink [1]. Colour formers used
in thermochromic systems have poor light fastness properties [7]. UV absorbers play a
very important role in improving the light fastness of colourants, while zinc and nickel
2,4-dihydroxybenzophenone-3-carboxylates were proposed as effective stabilizers against
the fading of colour formers [7–9]. Moreover, due to the very complex system of TC inks,
the photo-oxidation stability of thermochromic prints is affected by the chemical compo-
sition of the binder and the TC microcapsules, interactions between printing ink binder
and microcapsules, and the ink binder drying mechanism [10]. The increase in the stability
of thermochromic inks to UV radiation was the subject matter of an increasing number
of studies. Friškovec et al. showed that a UV protective layer can help in preserving the
dynamic colour properties of TC prints [4]. Rožić et al. showed that small proportions (up
to 20%) of zeolite tuff in the paper used as a filler act favourably on the UV stability of TC
prints, while higher proportions reduce stability as an effect of photocatalytic oxidation
features due the presence of Fe oxides in the sample of natural zeolite tuff [5].The stability
of TC printing inks may also be influenced by the ink composition [11], i.e., mineral-oil-
based TC inks have a lower degree of photostability than that of TC printing inks based on
vegetable oil. Rožić and Vukoje showed that microcapsules in UV screen printing ink show
higher stability to photo-oxidation compared to microcapsules present in offset print due
to the different interactions of TC microcapsules with the ink binder from their chemical
composition [10]. Despite the fact that TC printing inks have low UV stability, the overprint
UV protection of TC prints was not intensively studied.

As overprint coatings, different materials and techniques can be used, such as lami-
nation and varnishes, but these materials generally have some drawbacks due to environ-
mental concerns. Thus, in the last decade, the use of biodegradable materials has been the
subject of numerous studies. Even though they are environmentally friendlier, their lower
stability to environmental factors, such as lower stability to photo-oxidation, limits their
applications. In order to improve the photostabilisation of polymers, different stabilisation
systems can be used as additives; on the basis of stabiliser action, they can be light screeners,
UV absorbers, excited-state quenchers, peroxide decomposers, and radical scavengers [12].
Organic materials are used in the manufacture of UV absorbers, but their limited lifetime
due to photodegradation, phototoxicity, and photoallergenic effects limits their practical
applications. Therefore, considerable efforts were undertaken for the development and
use of inorganic materials, such as metal oxides (e.g., ZnO, TiO2 and SiO2, in the formula-
tion of UV absorbers [13–15]. Inorganic UV absorbers (nano-metal oxides) attract much
attention in the field of smart packaging materials due to their excellent biocompatibility
and functional properties [16,17]. In addition, they are usually less toxic, environmentally
friendly, thermally or chemically stable, with better resistance, and a wider range of UV
blocking capability. Among them, nano-TiO2 is widely used because of its reasonable price,
nontoxicity, and light stability, in addition to its good UV blocking function, and the ability
to reduce light transmission in UV-A and UV-B light, which plays an important role in the
prevention of photo-oxidation [18]. Zinc oxide (ZnO) with high-efficiency UV absorption
resulting from a wide band is currently listed as a generally safe (GRAS) material by the
U.S. Food and Drug Administration [19].

With that in mind, this study investigates the possibility of creating nanocomposite
coating from polycaprolactone and metal oxides at the nanoscale, which in other studies
showed good behaviour and resistance to different environmental factors when it comes
to conventional printing inks [20–23]. Poly(ε-caprolactone) or polycaprolactone (PCL)
is biodegradable synthetic polyester. Recent studies showed the potential of using PCL
nanocomposite coating to enhance the surface and mechanical properties, and UV sta-
bility of conventional offset prints [20,21,24,25]. Delgado Lima and Botelho found that
TiO2 nanoparticles enhance polymer chain scission during the UV exposure of PCL/TiO2
nanocomposites, while the increased amount of inorganic nanoparticle nanocomposites
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exhibited lower thermal stability [26]. In addition, França et al., and Tsuji eta al. stated that
PCL photodegradation takes place through the bulk erosion mechanism [27,28].

Although overprint varnishes are often used to protect prints from mechanical damage,
this paper proposes nano-modified PCL coating for the improvement of thermochromic
offset print UV stability while preserving its effect. Due to the different formulation and
size of colourants, thermochromic offset inks differ from conventional offset inks, which
in the end affects their UV stability. In general, conventional offset prints are far more
stable in comparison to thermochromic offset prints. Hence, the objective of this study
was to investigate the possibility of improving TC print UV stability. So far, there are no
data on TC print UV stability protection through coating application. For this research,
a typical commercially available TC offset ink based on leuco dyes was used. The used
ink can be printed on different printing substrates, but in all cases, the same behaviour
can be expected, i.e., the same thermochromic colour effect. In the PCL solution, two
nano-metal oxides (TiO2 and ZnO) were mixed in 1%, 2%, and 3% mass ratios. In addition
to UV protection, this study examines the influence of different wight concentrations of
nanoparticles (NPs) in a PCL matrix on the thermochromic colour change effect.

2. Materials and Methods
2.1. Printing Ink

One commercially available thermochromic offset ink based on leuco dye was printed
on commercially available uncoated paper for the purpose of preparing samples for further
testing. The activation temperature of thermochromic ink is 45 ◦C. Below its activation
temperature, the print was coloured in green, and above its activation temperature, the print
was coloured in yellow. The printing process was carried out using a Prüfbau Multipurpose
Printability Tester (Prüfbau Peissenberg, Germany). A quantity of 1.5 cm3 ink was applied
on the distribution rollers, while printing was carried out with printing force of 600 N. All
samples were printed in the full tone (marked as P) under the same conditions.

2.2. Coating Preparation

The coating was prepared by the dissolution of PCL polymer granulates (Sigma
Aldrich, St. Louis, MO, USA) in ethyl-acetate solvent (Kemika, Zagreb, Croatia). Using
a heated magnetic stirrer, the solution was heated to 40 ◦C and stirred for about 30 min
to obtain a homogenic solution. The coatings on the printed samples were prepared from
a PCL polymer solution by varying the concentrations of TiO2 and ZnO nanoparticles
(NPs) (Table 1). Seven different coatings were prepared: without nanoparticles or neat
PCL (P/PCL); by adding 1 mass % (P/PCL/1Ti), 2 mass % (P/PCL/2Ti), and 3 mass %
(P/PCL/3Ti) of titanium dioxide (TiO2, Aeroxide P25, Evonik industries AG, Essen, Ger-
many); and 1 mass % (P/PCL/1Zn), 2 mass % (P/PCL/2Zn), and 3 mass % (P/PCL/3Zn)
of zinc oxide (ZnO, Lach-Ner, Neratovice, Czech Republic), and dispersing them with an
IKA T 25 digital Ultra-Disperser (IKA-Werke, Staufen, Germany) for 8 min at 15,000 rpm.
Unwanted solvent evaporation was controlled by sealing the container using paraffin strips,
and the mass of the solution was compared before and after the procedure.

Table 1. Composition of PCL nanocomposites (wt %) and designation.

Sample Ethyl-acetate, % PCL, % TiO2, % ZnO, %

P/PCL 90 10 - -
P/PCL/1Ti 89 10 1 -
P/PCL/2Ti 88 10 2 -
P/PCL/3Ti 87 10 3 -
P/PCL/1Zn 89 10 - 1
P/PCL/2Zn 88 10 - 2
P/PCL/3Zn 87 10 - 3

2.3. Coating Application

The coatings were applied using a K202 Control Coater (RK Print, Litlington, UK) in
controlled conditions defined by the ISO 187:1990 standard. Wet coating thickness was
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defined with the standard coating bar to 24 µm (dry coating ~6 µm). All coatings were
applied on the printed side of the paper and designated according to Table 1.

2.4. Exposure of Samples to UV Radiation

For the evaluation of UV stability of coated thermochromic prints, samples were
exposed to UV radiation in a Solarbox 1500e device (CO.FO.ME.GRA, Milano, Italy), with
controlled temperature and UV radiation. All samples were exposed to filtered xenon light
for a period of 6, 12, and 18 h at a BST temperature of 40 ◦C and irradiation of 550 W/m2.
The indoor UV filter was used to eliminate the UVB spectral range from the xenon spectral
distribution curve. The used filter in that form allows for simulating sun rays filtered
through a windowpane, i.e., it simulates the conditions of internal exposure.

2.5. Determination of UV–Vis Absorption Spectra of TiO2 and ZnO Nanoparticles

For the measurement of the TiO2 and ZnO nanoparticles’ UV absorption property,
prior to measurement, a small amount of nanoparticle powder was placed between a quartz
glass microscope slide and a quartz glass cover slip in order to prevent the powder material
from penetrating the spectrophotometer’s sphere aperture. An Ocean Optics USB 2000+
spectrometer (Ocean Optics, Orlando, FL, USA) with a 30 mm wide integrating sphere
under (8:di) measuring geometry (diffuse geometry, specular component included) and the
addition of deuterium–tungsten halogen UV light source DH-2000 (Ocean insight, Orlando,
FL, USA) was placed on the upper side of the quartz glass cover slip; measurements were
performed in steps of 1 nm for the spectral region from 200 to 800 nm.

2.6. Colorimetric Measurement

Spectral reflectance was measured by using an Ocean Optics USB2000+ spectrome-
ter (Ocean Optics, Orlando, FL, USA) with 30 mm wide integrating sphere under (8:di)
measuring geometry (diffuse geometry, specular component included). Printed samples
(uncoated and coated) were heated–cooled on a full-cover water block (EK Water Blocks,
EKWB d.o.o., Komenda, Slovenia) whose temperature was varied with a thermostatically
controlled water block. Reflectance spectra were measured in one heating–cooling cycle
by heating samples from 25 to 55 ◦C and then cooling them back to 25 ◦C. Measurements
were performed in steps of 1 nm for the spectral region from 400 to 800 nm. Ocean Optics
SpectraSuite software (version 2.0.8) was used for the calculation of the CIELAB values
from the measured reflectance. D50 illuminant and 2◦ standard observer were applied in
these calculations. Colour differences were calculated using the CIEDE2000 total colour
difference formula [29].

2.7. SEM Microscopy

Uncoated and coated thermochromic (TC) prints before and after exposure to UV
radiation were monitored using a Tescan Vega III Easyprobe (Tescan, Brno, Czech Republic)
field-emission scanning electron microscope. Micrographs were taken under magnification
of 5000×.

2.8. FTIR Spectroscopy

ATR spectra of the samples before and after UV exposure were measured using a
Shimadzu FTIR IRAffinity-21 spectrometer (Shimadzu, Kyoto, Japan) with Specac Silver
Gate Evolution as a single-reflection ATR sampling accessory with a ZnSe flat crystal plate
(index of refraction, 2.4). IR spectra were recorded in the spectral range between 4000 and
400 cm−1 at 4 cm−1 resolution and averaged over 15 scans.

2.9. Fluorecence Spectroscopy

Fluorescence intensity was measured using an Ocean Optics USB4000+ spectrometer
2000 (Ocean Optics, Orlando, FL, USA) in combination with a 30 mm wide integrating
sphere under (8:di) measuring geometry (diffuse geometry, specular component included)
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with the addition of an LSM Series LED 2000 (Ocean insight, Orlando, FL, USA) light
source at 365 nm as the fluorescence excitation wavelength. The use of an integrating
sphere in fluorescence measurements were previously discussed and applied in different
areas [30–33]. The excitation light source was kept stable at a constant current of 0.140 A.
Fluorescence intensity was measured in the spectral range between 330 and 630 nm.

3. Results and Discussion
3.1. UV–Vis Absorption Spectra of TiO2 and ZnO Nanoparticles

UV–vis absorption spectra of the used nanoparticles (ZnO and TiO2) are presented
in Figure 1. The band gap of ZnO is similar to that of TiO2, but the ZnO band gap is
somewhat larger. Figure 1 shows that ZnO nanoparticles absorbed radiation in a UV
range up to 374 nm, and almost all visible spectral radiation was scattered by the ZnO
nanoparticles, while TiO2 nanoparticles absorbed UV irradiation up to 329 nm. Obtained
results are similar to those observed in another study [34]. UV absorption edges of the used
nanoparticles differed in the case of TiO2 being shifted towards lower wavelengths. The
UV absorption edge can be influenced by the size of the nanoparticles [34].

Figure 1. UV–vis absorption spectra of ZnO and TiO2 nanoparticles.

3.2. Colorimetric Properties of Uncoated and Coated TC Prints

To determine the influence of coating application and UV radiation on the ther-
mochromic effect (the dynamic colour change) of TC prints, prepared samples were anal-
ysed through the colour hysteresis, spectral reflectance curves, and total colour difference
(TCD) of a sample measured between heating and cooling at a temperature well below the
final chromic temperature (Figures 2 and S1). Colour hysteresis (Figures 2 and S1) describes
the temperature dependence of prints for the L* component of colour. Colour hysteresis
is commonly called thermochromic memory [1]. The process is illustrated by the change
in lightness L* as a function of temperature. The CIELAB values of thermochromic print
samples were calculated by applying measured reflectance spectra during heating from 25
to 55 ◦C and cooling down to 25 ◦C. At a temperature lower than the activation temperature
(45 ◦C), microcapsules are blue, while they become yellow above that temperature.

The application of PCL nanocomposite coating caused notable differences in colour
hysteresis, for example, for samples coated with nanomodified PCL coating, the lightness
value at lower temperatures became smaller, i.e., the initial colouration of the samples
appeared to be darker (Figure 2 and Figure S1). Dailliez et al. showed that, in the case
of halftone prints, the application of a smooth transparent layer darkens the print and
saturates its colour due to the lateral propagation of light within the coating during the
multiple-reflection process that occurs between the printed diffusing substrate and the
coating–air interface [35]. In this case, changes in colour can also be related to the presence
of nanoparticles. With the increase in NP ratio in the PCL matrix, samples became darker at
lower temperatures. This behaviour was observed for all samples containing ZnO and TiO2
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nanoparticles, with somewhat greater changes (lower L*) for ZnO nanomodified coating.
This behaviour can be explained by the increase in the number of NPs in the coating, i.e.,
the increase in the amount of absorbed light and consequent lower reflection. In the case
of ZnO NPs, the higher band gap (Figure 1) caused a higher amount of absorbed light
resulting in the darker appearance of samples in comparison to TiO2, which had a smaller
band gap and absorbed less light, resulting in greater light reflection.

Figure 2. Cont.
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Figure 2. Colour hysteresis of (a) uncoated TC print, (b) PCL coated TC print, (c) PCL/1%Ti coated
TC print, (d) PCL/1% Zn coated TC print, (e) PCL/2% Ti coated TC print, (f) PCL/2% Zn coated TC
print, (g) PCL/3% Ti coated TC print, (h) PCL/1% Zn coated TC print; before and after exposure to
UV radiation for 6, 12, and 18 h.

Figure 2 shows the influence of UV radiation on the TC prints’ colour hysteresis loops.
TC memory gradually degrades with the increase in exposure time to UV radiation. Their
height becomes smaller (the result of reduced TCD), and slopes decrease a little more when
cooled (denoted as -C) and less when heated (denoted as -H). After 6 h of exposure to UV
radiation, all hysteresis loops were modified. Moreover, 18 h of UV exposure produced
remarkable changes in the TC effect, which was completely destroyed for the uncoated TC
print (Figure 2a) and the print coated with neat PCL (Figure 2b); therefore, there were no
dynamic colour properties, whereas the resulting loop remained very small on TC prints
coated with nanomodified PCL with 1% TiO2 (Figure 2c), 1% ZnO (Figure 2d), and 2% ZnO
(Figure 2f). Higher nanoparticle concentrations resulted in better protection, but the 3%
TiO2 content (Figure 2g) stood out on TC samples, as it offered better protection than that
of 3% ZnO (Figure 2h). Best results were obtained for TiO2-coated samples, where these
loops were wider, resulting in a more visible colour change effect.

The thermochromic effect increasingly decreased with the exposure of samples to
UV radiation, and the reversible colour change was increasingly less present. The range
and dynamics of colour through the heating and cooling cycle were reduced, which was
especially evident in samples exposed to 18 h of UV radiation. On PCL-treated samples,
the TC effect completely disappeared after 18 h of exposure to UV radiation, while the
highest colour change dynamics was visible on TC prints coated with PCL modified with
3% TiO2 coating.

Results of spectral reflection curves (Figures 3 and 4) show that the colour of the
samples before exposure to UV radiation remained green until the activation temperature
(45 ◦C), after which it slowly turned yellow. No sudden changes were observed, and
the colour of the prints continuously changed with the increase in temperature. With
exposure of the samples to UV radiation, the dynamics of colour change on the sample
rapidly changed. Results of the spectral reflection curves show that with exposure of
the samples to UV radiation after 18 h, part of the 400–450 nm spectrum was gradually
lost, which indicated the degradation of the blue TC pigment, i.e., the degradation of the
microcapsules. In the green (500–570 nm) and yellow–orange spectral range (570–630 nm),
even after 18 h of exposure to UV radiation, a change was visible. Changes in the green
area indicated that not all blue microcapsules were damaged by UV radiation, unlike the
uncoated print and print coated with neat PCL coating, where the thermochromic effect
had almost disappeared.
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A TC sample is considered to work properly if the total colour difference between the
two states below and above the activation temperature is well-visible. The total colour dif-
ference (TCD) between the two states for samples unexposed and exposed to UV radiation
is shown in Figure 5, which indicates that the application of PCL coating over the TC print
increased the total colour difference of the original samples with the increase in NP share in
the formulation of PCL coating. This behaviour was also visible on the obtained hysteresis
(Figure S1). TCD gradually decreased with the increased time of UV exposure.

Reversible colour change was present in all samples, implying that the thermochromic
effect had not been lost during UV degradation, but it was significantly reduced after
18 h of UV irradiation. After 18 h of UV exposure, the colour change effect completely
disappeared in the PCL sample and fell below 3 CIED2000 units, even more than that
for the untreated sample. Figure 5 shows that nanoparticle deposition is effective, as the
difference in TC effect between treated and untreated samples was quite obvious. Best
results were obtained for the 3% TiO2 nanomodified PCL coating.

Figure 3. Reflectance spectra during heating process of (a) uncoated TC print (untreated), (b) uncoated
TC print exposed to UV radiation for 18 h, (c) PCL coated TC print (untreated), (d) PCL coated TC
print exposed to UV radiation for 18 h.
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Figure 4. Cont.
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Figure 4. Reflectance spectra of TC prints measured during heating, coated with (a) PCL/1% Ti
(untreated), (b) PCL/1% Ti after 18 h of exposure to UV radiation, (c) PCL/1% Zn (untreated),
(d) PCL/1% Zn after 18 h of exposure to UV radiation, (e) PCL/2% Ti (untreated), (f) PCL/2% Ti
after 18 h of exposure to UV radiation, (g) PCL/2% Zn (untreated), (h) PCL/2% Zn after 18 h of
exposure to UV radiation, (i) PCL/3% Ti (untreated), (j) PCL/3% Ti after 18 h of exposure to UV
radiation, (k) PCL/3% Zn (untreated), (l) PCL/3% Zn after 18 h of exposure to UV radiation.

Figure 5. Total colour difference (TCD) between two states (measured at 25 and 50 ◦C) for
(a) unprinted TC print and TC print coated with neat PCL, (b) TC print coated with 1, 2, 3% TiO2

nanomodifed PCL, (c) TC print coated with 1, 2, 3% ZnO nanomodifed PCL, before and after 6, 12,
and 18 h exposure to UV radiation.

Colorimetric results show that the incorporation of the greatest investigated amount
(3%) of TiO2 nanoparticles in PCL matrix significantly impacted the UV stability of TC
prints. The UV stability of the uncoated TC print and the print coated with neat PCL was
lower than that on prints coated with 3% TiO2 nanomodified PCL coating, probably because
the print under the PCL polymer layer absorbed UV radiation with TiO2 nanoparticles,
thus preventing UV radiation from penetrating into the print.

3.3. SEM Microscopy

Figure 6 shows the SEM micrographs of samples before and after exposure to UV radi-
ation for 18 h. SEM micrographs show that the surface of TC print before exposure to UV
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radiation was heterogeneous, with the presence of significant number of TC microcapsules
in regular circular forms with around 1–3 µm diameter and covered with a thin layer of ink
binder. In addition, the penetration of microcapsules in the paper structure between the
cellulose fibres was visible. SEM micrographs do not show the significant degradation of
TC microcapsules after the print had been exposed to UV radiation since only several holes
in TC microcapsules are visible. The masking of degraded TC microcapsules probably
occurred by the ink binder and their penetration between the cellulose fibres. The formation
of craters probably occurred due to degradation of ink binder.

Figure 6. SEM micrographs of (a) uncoated TC print, (b) uncoated TC print after exposure to UV
radiation for 18 h, (c) TC print coated with neat PCL, (d) TC print coated with neat PCL after exposure
to UV radiation for 18 h, and coated TC prints with nanomodified PCL (e) PCL/1% Ti (untreated),
(f) PCL/1% Ti after exposure to UV radiation for 18 h, (g) PCL/1% Zn (untreated), (h) PCL/1% Zn
after exposure to UV radiation for 18 h, (i) PCL/2% Ti (untreated), (j) PCL/2% Ti after exposure to
UV radiation for 18 h, (k) PCL/2% Zn (untreated), (l) PCL/2% Zn after exposure to UV radiation for
18 h, (m) PCL/3% Ti (untreated), (n) PCL/3% Ti after exposure to UV radiation for 18 h, (o) PCL/3%
Zn(untreated), (p) PCL/3% Zn after exposure to UV radiation for 18 h.
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PCL-coated prints showed that the TC microcapsules were covered with a thicker
layer, indicating the presence of a PCL layer over the TC print. As a nanoparticles weight
increases in a coating, TC microcapsules are less visible and a number of bright spots occurs,
which may be an indication of nanoparticles agglomeration.

In the case of samples exposed to UV radiation, the greatest changes were visible on
samples coated with TiO2 nanomodified PCL, namely, 2% and 3%. In all cases, the hetero-
geneous degradation of the samples occurred with visible surface erosion. Results indicate
that the addition of TiO2 nanoparticles into the PCL matrix more efficiently promoted UV
PCL decomposition with regards to ZnO nanoparticles. All changes were more visible as
the amount of TiO2 NPs in the PCL matrix increased. In the case of the addition of 3%
ZnO into the PCL matrix, holes appeared on the TC microcapsules. No significant change
in PCL was observed as in the case of the ZnO nanomodified coating. This may indicate
different mechanisms of photodegradation.

3.4. FTIR Spectroscopy

FTIR spectra of all sample surfaces are presented in Figures 7 and 8. In the FTIR
spectra of the used paper, vibrational bands of cellulose (1423, 1157, 894 cm−1) calcium
carbonate (871 cm−1), and adsorbed water (1640 cm−1) were visible [36]. The broad band
around 3290 cm−1 in the paper spectrum was assigned to the –OH stretching of hydroxyl
groups in cellulose. Vibrational bands around 2910 and 2850 cm−1 were mostly influenced
by additives in the papermaking process [37].

Figure 7. FTIR spectra of (a) paper, (b) TC print, and (c) TC print coated with neat PCL coating before
and after 6, 12, and 18 h exposure to UV radiation.

258



Polymers 2022, 14, 1484

Figure 8. FTIR spectra of TC print coated with nanomodified PCL coatings (a) PCL/1% Ti,
(b) PCL/2% Ti, (c) PCL/3% Ti, (d) PCL/1% Zn, (e) PCL/2% Zn, (f) PCL/3% Zn before and after 6,
12, and 18 h exposure to UV radiation.

In the case of the FTIR spectra of the neat uncoated TC print, vibrational bands of used
thermochromic printing ink most likely originated from the thermochromic ink binder,
mainly vegetable oils as the common component of the ink binder. Thus, vibrational
bands could not have been the result of the vibrational modes of the thermochromic
composites within the microcapsules or the TC microcapsules’ polymer shell since they
were covered with the ink binder [38,39]. Due to the coverage of microcapsules with the ink
binder, the vibrational bands of the microcapsules’ wall material were probably covered
and overlapped with the vibrational bands of the ink binder that was present in higher
amounts. Regarding the FTIR spectra of thermochromic print, a significant contribution of
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the cellulose bands could be noticed due to the penetration of the TC printing ink into the
paper structure, especially in the 1500–800 cm−1 spectral range. The carbonyl stretching
band of the thermochromic ink at 1728 cm−1 was present in the FTIR spectrum of the TC
print, as opposed to the FTIR spectrum of unprinted paper. Bands at 2920 and 2850 cm−1

in the spectrum of thermochromic print were assigned to the –CH2 and –CH3 stretching
bonding vibration of aliphatic chains, respectively, and implied the presence of oils in the
printing ink binder [40].

With the exposure of paper to UV radiation, changes in the FTIR spectra could be
observed in the spectral range of 1500–1850 cm−1, where carbonyl groups appeared but
only if the bending vibrations of the bound water molecules at 1640 cm−1 were not present
since they could mask the products of cellulose oxidation [41]. In our case, adsorbed water
molecules were present and probably masking the vibrational bands of paper degradation
products. No additional changes in the IR spectra of unprinted paper during 18 h of UV
irradiation were observed, indicating that this relatively short radiation time (18 h) slightly
affects paper stability and its properties.

Characteristic vibrational bands of the PCL polymer were obtained at 2918 and
2848 cm−1, attributed to the stretching of aliphatic C–H groups, the ester carbonyl (C=O)
stretching absorption band at 1722 cm–1, and the asymmetric stretching of C–O–C bonds
at 1240 cm−1, while their symmetric stretching corresponded to the peak at
1162 cm−1 [24,41,42]. With the application of PCL coating over the TC print, the car-
bonyl peak was shifted to smaller wavelengths at around 1722 cm−1, unlike the TC
print, where it was located at 1728 cm−1. This may indicate overlapping carbonyl groups
vibrational bands.

By the exposure of the uncoated print to UV irradiation, changes in the spectral range
of 2920–2850 cm−1 occurred. These changes are related to the –CH2 and –CH3 stretching
bonding vibrations of aliphatic chains, which imply the presence of oils in the printing ink
binder, which indicates binder degradation. By the exposure of prints coated with PCL to
UV irradiation, a decrease in vibrational bands in the spectral range of 2920–2850 cm−1,
and a shift towards greater wavenumbers occurred. In addition, a decrease in vibrational
bands intensities at 1417, 1367, 1294, and 1240 cm−1 occurred. The band at 1294 cm−1

gradually disappeared after 18 h of exposure to UV radiation.
The application of PCL–TiO2 nanomodified coating (Figures 8a–c and S2) resulted in

the partial masking of cellulose vibrational bands that were present in the FTIR spectra
of the TC print and PCL-coated thermochromic print (Figure 7b,c). The addition of TiO2
and ZnO nanoparticles to the PCL matrix lead to changes in the IR spectrum of PCL,
i.e., functional groups, their displacement, and the formation of new bands and their
shoulders, which indicated a change in the crystal structure of PCL (Figure S2). By the
incorporation of TiO2 and ZnO nanoparticles into the PCL matrix (Figure S2), the vibrational
bond at 1160 cm−1 was broadened, and the shoulders at 1186 cm−1 in the case of TiO2
particles and at 1190 cm−1 in the case of ZnO particles were formed. In that spectral range
(from 1167 to 1191 cm−1), a symmetrical vibration describes C–O bonds. The vibration
at 1191 cm−1 was attributed to O–C–O bond stretching, while the vibrational bond at
1166 cm−1 corresponded to CH2 deformation [24,42]. Furthermore, the addition of 1%,
2%, and 3% TiO2 nanoparticles (Figure 8a–c) lead to the formation of vibrations bands at
1462 and 1363 cm−1, which corresponded to the C–H bond stretching of alkanes, while
absorbance at 729 cm−1 represents the vibration of –CH2 bonds. In addition, through the
incorporation of TiO2 nanoparticles, the vibrational band at 1293 cm−1 was formed that
is related to the crystalline phase of PCL (C–C and C–O) [42,43]. The formation of the
crystalline band at 1293 cm−1 was also noticed in the case of addition 3% TiO2 nanoparticles.
The vibrational band at 1462 cm–1 was attributed to the axial symmetric deformation of
CH, while the band at 1292 cm–1 could be assigned to backbone C–C (=O)–O, the stretching
vibration of the crystalline phase of PCL.

In the case of the nanomodified ZnO PCL coating, differences could be seen in the
FTIR spectra (Figure 8d–f and Figure S2). IR spectra indicated a lower degree of PCL
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crystallinity in comparison to that of TiO2 nanomodified coating. Only the addition of
3% ZnO NPs into the PCL matrix resulted in somewhat similar IR spectra to those of the
TiO2 nanomodified coatings (Figure 8f). Moreover, the addition of ZnO NPs into the PCL
matrix caused the formation of the vibrational band at 1539 cm−1, which increased with
the increase in ZnO NPs amount, which could be attributed to the main ZnO characteristic
vibrational bands [44]. For the 1% and 2% ZnO nanomodified coating, IR spectra in the
spectral range of 1125–750 cm−1 looked like the IR spectra of paper, while the characteristic
PCL vibrational bands in the spectral range of 1500–1125 cm−1 were slightly pronounced,
indicating a lower degree of polymerization and higher penetration within the paper
structure (Figure 8d,e).

The photodegradation mechanism of PCL occurred due to the presence of light absorb-
ing species and chromophore functional groups, i.e., carbonyl, resulting in the absorption
of UV radiation by carbonyl groups present on the polymer backbone and proceeding via
Norrish II-type reaction, which explains the chain scission (decrease in molecular weight),
and the formation of C=C double bonds and hydroperoxide O–H at newly formed chain
terminals [45]. The exposure of prints coated with 1% TiO2 PCL to UV radiation (Figure 8a)
caused the increase in vibrational band intensities at 3265 cm−1 (O–H vibrational bands),
and broadening and movement towards higher wavenumbers. For the prints coated with
2% TiO2/PCL (Figure 8b) after UV exposure, the carbonyl band was shifted from 1720 to
1722 cm−1. This vibrational band broadened with the increase in time to UV exposure,
probably due to the formation of new radicals (C=O) and the overlap with those vibrational
bands. The broadening of this band could be attributed to the formation of photodegra-
dation products (C=C) and their mutual overlapping. In addition, the formation on new
bands around 1650 cm−1 after 18 h of UV exposure indicated the formation of C=C bonds
and confirmed the photodegradation mechanism od PCL. The formation of this band was
visible for the 3% TiO2 nanomodified coating after 18 h of UV exposure (Figure 8c), while
in other samples, this could be explained as the broadening of the carbonyl peak and not as
the formation of a new band. In addition, with UV exposure, the band at 1462 cm−1 was
shifted towards 1458 cm−1. The vibrational band at 1292 cm−1 was shifted to 1294 cm−1

and slightly decreased by the influence of UV radiation. All these changes could be at-
tributed to a change in polymer crystallinity resulting from photodegradation, the changes
in PCL characteristic functional groups, and the absence of intermolecular interactions.
For samples coated with nanomodified PCL/ZnO NPs, UV radiation caused significant
changes in the IR spectra (Figure 8d,f). The absorption peak at 1539 cm−1 gradually disap-
peared with the increase in exposure time to UV radiation. The greatest changes occurred
in the spectral range of 1250–1125 cm−1, where vibrational bands disappeared.

3.5. Fluorescence Spectroscopy

Fluorescence occurs when fluorescent molecules absorb the light of the corresponding
wavelength to move from the ground to the excited state, followed by the re-emission of
energy in the form of visible light when returning to the ground state [46]. One of the
advantages of fluorescence spectroscopy measurement is its high sensitivity, and even
small concentrations of fluorescent material can be detected. Before examining print
fluorescence, it was necessary to address the influence of coating on paper fluorescence
and the fluorescence stability of paper substrate exposed to UV radiation for 6, 12, and 18 h
(Figure 9a,b).

As expected, the measurements of printing substrate (Figure 9a) showed the highest
amount of florescence intensity in the blue part of the spectrum (400–490 nm) due to the use
of optical brighteners (OBAs) [33,47]. OBAs were added in the paper during the production
process to increase paper whiteness [48]. After the exposure of unprinted paper to UV
radiation for 6 h, fluorescence intensity decreased. A similar drop in fluorescence intensity
could be seen after 12 h of UV exposure, after which paper fluorescence was not further
reduced by prolonged exposure to UV radiation. This was confirmed by the high amount
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of absorbed excitation light at 365 nm for the unprinted paper, which decreased after its
exposure to UV radiation, indicating the degradation of the optical whiteners.

Figure 9. Fluorescence intensity spectra of (a) unprinted paper before and after exposure to UV
radiation, and (b) unprinted paper coated with neat PCL and nanomodified PCL coatings.

It is important to determine how the coverage of the substrate with different coatings
affects the paper’s fluorescence ability, i.e., a smaller amount of excitation light is available,
causing less activation of the optical brighteners incorporated into the paper itself. The
coating absorbs a certain amount of incident UV light, decreasing the amount of light
accessible for activating optical brighteners in the paper itself. As a result, the fluorescence
intensity of paper coated with PCL decreased by 55% compared to the untreated substrate
(Figure 9b). The addition of different concentrations of TiO2 and ZnO nanoparticles
into the PCL matrix further decreased the fluorescence intensity of the paper sample.
Increasing the concentration of nanoparticles that strongly absorbe in the spear area in
the wavelength of the exciting light affects the reduction in paper fluorescence. Since
ZnO NPs used in the study strongly absorbed in the UV part of the spectrum from 200 to
374 nm (Figure 1), increasing its concentration in the PCL coating reduced the amount of
incident excitation light, which reached the substrate to generate a fluorescent response.
Accordingly, fluorescence intensity was the lowest for the paper coated with PCL coating
modified with 3% ZnO (Figure 9b). This also confirmed that the initial colouration of the
samples appeared to be darker when samples were coated with ZnO NPs due to the higher
absorption rate and consequent lower reflection rate (Figures 1 and S1).

Once the characteristic fluorescence peaks of the substrate had been determined, the
fluorescence spectroscopy of the prints could be measured and discussed. Fluorescence
intensity spectra of all samples before their exposure to UV radiation followed by 6, 12,
and 18 h exposure to UV radiation are shown in Figure 10a. The absorption range at the
excitation wavelength of printed samples (Figure 10a) showed that the ratio of absorbed
light was much lower than the absorbed intensity of the clear paper substrate (Figure 9a).
Due to the absorption, scattering, and re-emission of components within the thermochromic
ink, fluorescence intensity spectra were shifted towards higher wavelengths around 510 nm,
while the peak at 440 nm corresponded to measurements obtained on the unprinted
paper substrates.

262



Polymers 2022, 14, 1484

Figure 10. Fluorescence intensity spectra of (a) uncoated TC print, (b) TC print coated with neat PCL,
and nanomodified PCL coatings; (c) PCL/1% Zn, (d) PCL/1%Ti, (e) PCL/2% Zn, (f) PCL/2% Ti,
(g) PCL/3% Zn, (h) PCL/3% Ti, before and after 6, 12, and 18 h exposure to UV radiation.
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As the thermochromic inks used in the study were vegetable-oil-based, their fluores-
cent response was expected due to their composition of mainly chlorophylls, parinaric acid,
and vitamin E [49]. Different oils show different exhibition peaks; sunflower oil exhibits
fluorescence peaks in the 430 to 520 nm region [50], extra virgin olive oil between 500 and
720 nm [51,52], rapeseed oil with characteristic spectra from 300 to 500 and from 630 to
730 nm [49].

Exposure of the samples to UV radiation for 6 and 12 h (Figure 10a) resulted in a drop
in fluorescence intensity and a shift of the peak from 510 to 500 nm. Further exposure
degraded the ink, mostly the binder, of which vegetable oil is an integral part, leaving a
higher ratio of the paper substrate available for the absorption of UV light, which was
confirmed with the increase in fluorescence intensity corresponding the fluorescence spectra
of paper substrates (Figure 9a).

Fluorescence intensity spectra of the print coated with PCL (Figure 10b) corresponded
to the florescence intensity spectra of the print for unaged samples, and samples exposed
to UV radiation for 6 and 12 h. After 18 h of exposure, fluorescence intensity increased in
the area from 425 to 450 nm, indicating that PCL to some infinitesimal extent protected the
paper even though it was not successful in protecting the print itself.

Increasing TiO2 NPs in the PCL solution decreased the absorption of the fluorescence
excitation light at 365 nm (Figure 10d,f,h). On the other hand, ZnO particles in the 1% and
2% concentrations did not influence absorption at the given wavelength (Figure 10c,e). The
3% of ZnO particles in the PCL polymer matrix increased absorption in the UV part of
the spectrum (Figure 10g). The exposure of samples to UV radiation slightly reduced the
absorption of light in the UV part of the spectrum for all examined samples. Comparing
the results for ZnO and TiO2 nanomodified coatings after 18 h hours of exposure to UV
radiation showed that samples coated with 3% TiO2 had a 43% higher level of fluorescence
intensity in the excitation part of the spectrum.

The fluorescence response in the visible part of the spectrum showed that the 1%
ZnO coatings show similar characteristics as those of the untreated samples after 6 and
12 h of exposure to UV radiation, while fluorescence peaks after 18 h showed much lower
intensities (Figure 10c), and the main peaks were not completely shifted towards lower
wavelengths, indicating the retention of binder fluorescence. This could similarly be
confirmed for 2% ZnO nanomodified coatings, where a decrease in fluorescence intensity
and a shift of peaks towards lower wavelengths were observed. Further UV radiation
exposure only decreased intensity.

As expected, the 3% ZnO coating showed the lowest fluorescence intensity in the
visible part of the spectrum (Figure 10g) since the amount of light absorption increased
with the increasing concentration of ZnO nanoparticles. Exposure to UV radiation did not
cause any major changes in the intensity and position of the fluorescent peaks.

The visible spectrum of samples coated with the PCL modified with 1% TiO2 nanopar-
ticles (Figure 10d) showed higher degradation of the peak around 500 nm, which had
been moved towards the fluorescence peaks of OBAs in the paper after 6 h of exposure of
the sample to UV radiation. After 12 and 18 h of exposure, fluorescence intensity spectra
were almost identical, with an infinitesimal increase in fluorescence intensity in the region
between 450 and 475 nm.

The 2% TiO2 nanoparticle coating (Figure 10f) showed an identical fluorescence curve
response in the visible part of the spectra as that of the 1% TiO2 nanomodified coating,
with the exception of a difference in fluorescence intensity, namely, it was equal in this case
regardless of the exposure of samples to UV radiation.

The last of the examined samples, the TC print coated with 3% TiO2, showed an
identical fluorescence response in the 400 to 450 nm region of the spectra as that of the
untreated and exposed samples for the duration periods of 6 and 12 h, while a clear shift of
the broad peak from 500 to 490 nm could be seen (Figure 10h). The sample exposed to 18 h
of UV radiation showed slightly greater fluorescence intensity, indicating a further shift
towards wavelengths corresponding to the OBAs in the paper.
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Taking into account all the presented results, it could be concluded that the overall
degradation of coated TC prints was the result of a combined effect due to the presented
degradation mechanisms of paper, TC ink binder, neat PCL, and nanoparticles. The degra-
dation of TC prints coated with nanomodified PCL coating by the action of UV radiation
could be attributed to photochemical reactions arising from the absorption of UV radiation
by light-absorbing groups present on the PCL backbone, and could mainly be expressed
by Norrish reactions: photoionization (Norrish I) and chain scission (Norrish II) [45]. This
mechanism was clearly presented by the FTIR spectroscopy, with the most notable changes
occurring after 18 h of exposure to UV radiation. The main light-absorbing groups present
on the PCL backbone and TC printing ink responsible for the initiation of photochemical
reactions were carbonyl groups. SEM microscopy (Figure 6) indicated the photo-oxidation
of the sample surface, while FTIR spectroscopy indicated changes in the amorphous part of
the PCL structure, and changes occurring during cross-linking and chain scission (Figure 8).
Fluorescence spectroscopy (Figure 10) confirmed the results of FTIR spectroscopy, the
degradation of the carbonyl groups present in vegetable oil (ink binder), and the conse-
quent degradation of the TC ink binder. The degradation of the TC microcapsules’ polymer
shell envelope probably occurred due to ink binder degradation, which in the end caused
the degradation of a leuco-dye–developer complex inside the TC microcapsules, and the
consequent degradation of colour. The degradation of the thermochromic effect by UV
radiation was the greatest when the prints had been exposed for 18 h, with total destruction
of the TC effect for the uncoated and TC print coated with neat PCL. The addition of
NPs in the PCL solution improved the UV stability of the coated TC prints due to the
absorption of a certain amount of incident UV radiation, which was clearly confirmed by
fluorescence spectroscopy.

4. Conclusions

Thermochromic printing inks in the function of smart materials have many application
possibilities due to their simple communication with users and their attractiveness, which
ultimately add value to the products. However, their limiting circumstance is poor stability
against UV radiation, which limits their application. Despite this very well known fact,
there is a lack of research related to the development of UV-protective coatings for TC prints.
Therefore, the aim of this paper was to investigate the applicability of PCL nanocomposite
coating to protect TC prints from UV degradation. Obtained results showed that, despite
the higher band gap in comparison to that of TiO2, ZnO nanoparticles in a PCL matrix
did not improve the UV stability of TC prints in higher proportion than that of TiO2. In
addition, those results and results from NP UV absorbance determination indicated that
all changes within the TC microcapsules and consequent influenced changes in TC print
coloration were the result of UV radiation in wavelengths below 329 nm. Additionally, in
this research, SEM micrographs showed that UV degradation caused the formation of voids,
craters of nanomodified PCL coatings. Moreover, the addition of TiO2 nanoparticles into the
PCL matrix more effectively promoted the UV degradation of nanomodified PCL coating
compared to in ZnO nanoparticles. UV irradiation caused changes in the IR spectrum of the
PCL coating, which could be attributed to photodegradation, changes in PCL characteristic
functional groups, and the absence of intermolecular interactions.

This paper proves that the use of fluorescence spectroscopy in the evaluation of UV
absorption potential and of the degradation mechanisms of biodegradable polymer paper
coatings is a promising tool. In addition, results of fluorescence spectroscopy indicate
that the nanomodified PCL coating absorbed a certain amount of incident UV radiation
and indicated the degradation of vegetable oil in the printing ink binder. Results indicate
that changes occurring in the colouration of the prints could be described by colorimetric
measurements and fluorescence spectroscopy, while FTIR spectroscopy only indicated the
degradation mechanisms of the TC ink binder and nanomodified coating, but it could not
indicate any degradation of the TC microcapsules. However, fluorescence spectroscopy
could be used as an auxiliary tool to confirm FTIR spectroscopy results.
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This research showed the possibility of using environmentally friendly nanomodified
PCL coating to preserve the thermochromic effect of TC offset prints from the effects of
UV radiation, and opens up the possibility of new research in this area. Future research
will be focused on the optimization of TiO2 weight concentrations in a PCL solution.
Moreover, research shows the possibility of expanding applications of TC prints that were
limited due to their poor resistance to UV light. For example, TC ink can be used in the
development of smart packaging, but this application is limited due to its fast colour
degradation when exposed to UV radiation. Nanomodified PCL coatings are a promising
material in development and as mechanical protection of different paper-based packaging
products. Thus, the combination of TC prints and PCL nanomodified coating is a promising
structure in the development of smart packaging with extended applications.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/polym14071484/s1. Figure S1: CIELAB lightness L* of pre-
pared samples before UV exposure in dependence on temperature at heating (-H) and cooling
(-C); Figure S2: FTIR spectra of paper, TC print, and TC print coated with neat PCL coating, and
nanomodified PCL coating.
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Abstract: Every year, thousands of tons of non-biodegradable plastic products are dumped into
marine environments in Thailand’s territorial seawater, impacting various marine animals. Recently,
there has been a surge in interest in biodegradable plastics as a solution for aquatic environments.
However, in Thailand’s coastal waters, no suitable biodegradable plastic has been used as ocean-
biodegradable packaging. Among them, polyhydroxyalkanoates (PHAs) have excellent biodegrad-
ability even in seawater, which is the desired property for packaging applications in tourist places
such as plastic bags and bottles. In this report, we assess the environment’s safety and study the
biodegradation in Thailand seawater of polyhydroxybutyrate (PHB) and PHA copolymer (PHBVV)
that were successfully synthesized by bacteria with similar molecular weight. The two types of ex-
tracted PHA samples were preliminary biodegradability tested in the marine environment compared
with cellulose and polyethylene. Within 28 days, PHB and PHBVV could be biodegraded in both
natural and synthetic seawater with 61.2 and 96.5%, respectively. Furthermore, we assessed residual
toxicity after biodegradation for environmental safety using seawater samples containing residual
digested compounds and the standard guide for acute toxicity tests. It was discovered that marine
water mites (Artemia franciscana) have 100 percent viability, indicating that they are non-toxic to the
marine environment.

Keywords: biodegradation; biosynthesized polyesters; polyhydroxyalkanoates; seawater; residual
toxicity assessment

1. Introduction

According to the data of the garbage situation in Thailand, Thai people have created
1.15 kg/person/day, equivalent to 76,164 tons/day, giving rise to the amount of plastic
waste contaminated into the sea up to 32,600 tons/year [1]. Most of the marine waste, up
to 80%, comes from land-based activities such as communities, dumpsites on the harbor
side, and beach tourism. The remaining 20 percent comes from marine activities such as
sea transportation, fishery, and marine tourism. Plastic waste in the sea directly affects
marine ecosystems, such as coral reefs, seagrass, and mangrove forests. The animals are
killed either by choking on floating plastic items or becoming entangled in plastic debris.
Moreover, it also affects tourism from deteriorated scenery and causes health problems
by the contaminated microplastics from which plastics can be broken down into smaller
sizes by sunlight (photodegradation). These give rise to some toxic chemicals dissolving
into the seawater, while some plastics can still absorb toxic substances in seawater into
the food chain. When aquatic animals eat, they can pass it on to the consumers in a
higher order. As a result of this problem, biodegradable or compostable bioplastics are
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an important alternative to Thailand’s marine ecosystem development. Nowadays, many
kinds of bioplastics are extensively studied and employed, such as polyhydroxyalkanoates
(PHAs) [2], which we investigated in this research. Polyhydroxybutyrate (PHB) is a polymer
short-chain aliphatic polyester belonging to the group of PHAs and can be produced by
accumulating carbon compounds in microbial cells that synthesize the biopolyesters such as
Ralstonia euthopha [3,4]. Under some situations, such as a scarcity of nitrogen, phosphorus,
sulfur, potassium, or oxygen, the bacteria produce more PHB [5]. Besides, PHB can also be
produced by microalgae (cyanobacteria) [6] and transgenic plants [7]. PHB has received
much attention in the plastic industry due to the chemical and physical properties that are
similar to those of synthetic polymers, especially polypropylene [8,9]. It can be used to
generate various products in the form of packaging and medical equipment [10,11]. In the
initial research, glucose, fructose, and sucrose are used as a source of carbon for microbes
to produce PHB, which has a higher production cost than the production of polymers from
petrochemicals [12]. Currently, there has been developed technology using carbon sources
from waste-stream glycerol or co-substrates of glycerol and levulinic acid (LA), which are
inexpensive for PHA production by bacteria [13]. Furthermore, microorganisms can use LA
to create PHA terpolyester consisting of 3-hydroxybutyrate (3HB), 3-hydroxyvalerate (3HV)
and 4-hydroxyvalerate (4HV) monomers that are P(3HB-co-3HV-co-4HV) or PHBVV [14].

This report evaluated the preliminary biodegradation and toxicity of PHB and PHBVV
bioplastics in Thailand seawater samples using different methods to prepare both types
of polymer samples in similar molecular sizes. Previous studies measured weight loss,
oxygen consumption as biological oxygen demand (BOD), or CO2 evolution to assess the
biodegradability of possibly biodegradable polymers in seawater [15,16]. The samples in
this study were tested in natural and synthetic seawater modified from standard methods by
analyzing evolved carbon dioxide from biodegradable activity in seawater and determining
aerobic biodegradation of plastic materials in the marine environment. Additionally, an
initial assessment of residual toxicity levels of the seawater after PHAs biodegradation
test using the marine crustacean Artemia franciscana was also conducted to investigate the
possibility of using PHAs as packaging items and marine equipment that do not become
harmful to the marine and coastal environments.

2. Materials and Methods
2.1. Biosynthesis of Microbial PHB and PHBVV Polyesters

A laboratory mutant strain of Ralstonia eutropha (ATCC 17699) was used in this study.
PHB and PHBVV were produced in a glycerol-rich and/or levulinic acid (LA) environment,
respectively. Initial culture media for PHB and PHBVV synthesis is a mineral solution
(MS) that combines glycerol 20 g/L, NaH2PO4 1.2 g/L, (NH4)2SO4 2 g/L, MgSO4·7H2O
0.5 g/L, K2HPO4 7.34 g/L, and trace element 1 mL/l (consisting of 700 µM Fe(NH4)SO4,
17 µM ZnSO4·7H2O, 25 µM MnCl2·4H2O, 8 µM CuSO4·5H2O, 7.2 µM NaB4O2·10H2O,
and 8.3 µM NaMoO4·2H2O). The Ralstonia eutropha was stimulated to produce PHB and
PHBVV polyesters by enrichment techniques in subculture five times to find an adaptable
PHA-producing cell. Pre-cultivation of Ralstonia eutropha cells was performed in 5 mL
nutrient broth and 50% glucose 0.05 mL with 50% glycerol 0.05 mL for 24 h. Then the cells
were transferred into 50 mL MS containing 20 g/L of glycerol and incubate at 30 ◦C for
48 h with a 200-rpm rotary incubating shaker.

A 200 mL seed flask culture was inoculated into a bioreactor. Fermentation is carried
out in a 5 L Bioreactor (MDFT-N-5L/B.E.Marubishi/Thailand) containing the 2.5 L mineral
solution described above, with a culture period of 62 hours. The temperature, pH, and
dissolved oxygen probes monitored and controlled the fermentation. The initial OD of the
wavelength of 620 nm is approximately 1.4–1.6 with culture conditions at a temperature
of 30 ◦C, pH 6.8, which is controlled by the pH-stat system with a pH and DO controller
(Mettler Toledo/Switzerland). Agitation speeds were 200 rpm or above to control the
dissolved oxygen at 10% of air saturation.
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For PHB biosynthesis as described previously [17], the fermentation is continuous
beginning with 2.5 L of MS medium and 20 g/L of glycerol at a C/N ratio of 5. After
the cell dry weight reaches the desired level (approximately 5 g/L), a glycerol solution is
added using a peristaltic pump at a speed of 0.1 mL/min to allow the system to enter the
growth phase. The initial pH is controlled by adding 15% ammonia solution. When the cell
dry weight reaches the desired state (the value of 80 at OD600), it is adjusted to the PHA
accumulation phase, which the pH control from ammonia will be replaced by a 5N NaOH
solution. Then, the feed rate of the glycerol carbon solution was adjusted to 0.2 mL/min to
start the nitrogen limiting and PHB accumulation conditions.

For PHBVV biosynthesis as previously described [14], the fed-batch fermentation
began with 2.5 L of the mineral solution containing 20 g/L of glycerol and an initial C/N
ratio of 5. After the cell dry weight reached the desired level (5 g/L), a 750 g/L glycerol
solution was added via a pump to keep the residual glycerol concentration above 10 g/L.
To maintain a C/N ratio of about 5, a solution of 15% ammonia water was added to the
culture for initial pH control and nitrogen feeding. When the cell dry weight reached the
desired level (80 at OD600) and no additional nitrogen was required, the ammonia nitrogen
solution and the glycerol solution were replaced with a NaOH/KOH (5M/5M) solution
and a glycerol:levulinate solution (7:3 ratio) to initiate the nitrogen limitation condition for
PHBVV copolymer accumulation.

Aliquots of 10–15 mL culture medium were collected for analysis of OD600 and cell
dry weight. The fermentation was stopped when the OD600 started to decrease. At 62 h of
cultivation, the cells were harvested, centrifuged, lyophilized, and used to determine the
dry cell weight and PHA content.

2.2. Extraction and Characterization of PHAs

For PHBVV extraction, the polymer that accumulated in cells was extracted with
chloroform (10 mL chloroform/1 g dry cells) for at least 48 h at 60 ◦C and purified by two
rounds of precipitation with cold methanol. The extracted PHBVV sample was further aged
in a vacuum at 50 ◦C for at least one week to reach equilibrium crystallinity prior to further
analysis. Whereas, for PHB purification, the accumulated PHB polymer in bacteria was
extracted by selective dissolution of cell mass as previously reported [18]. A predetermined
amount of PHB-containing cell slurry was acidified with a sulfuric acid solution (2M) and
sealed in glass tubes for 1–2 h, and the solution pH was adjusted to 10 with 5N NaOH.
After centrifugation at 5000 g for 15 min, the pellets were washed with an equal volume of
water. The washed pellets were then re-suspended in a bleaching solution for 1–2 h. White
wet PHB pellets were collected by centrifugation at 5000 g for 20 minutes, rinsed with an
equal volume of water, and oven dried.

For gas chromatography quantification of PHAs, 50 mg of lyophilized cells were mixed
with 2 mL chloroform and 2 mL of 3 percent H2SO4 (v/v) in methanol, supplemented with
10 mg/mL benzoic acid as the internal standard, and then heated at 100 ◦C for 4 hours with
mixing every 30 minutes. After that, the tube containing the mixture was placed at room
temperature and allowed to cool overnight. The tube was then filled with 2 mL of distilled
water, vortexed vigorously for 4 minutes, and left to stand overnight. The chloroform layer
was used to determine PHA in milligrams by comparing it to the standard curve obtained
from gas chromatography data analysis, which was performed on a gas chromatography
instrument (Agilent technologies 7890A). In addition, the percentage of PHA content per
dry cell weight (% w/w) was calculated as previously described [19].

To measure the molecular weight of PHAs, gel permeation chromatography (GPC)
analyses were carried out on Waters 2414 refractive index (RI) detector, equipped with
Styragel HR5E 7.8 × 300 mm column (molecular weight resolving range = 2000 – 4,000,000).
Samples dissolved in hot chloroform were eluted with chloroform at a flow rate of
1.0 mL/min at 40 ◦C and calibrated with polystyrene standards.

The PHA polymer was further characterized by using nuclear magnetic resonance
(NMR). PHA samples were dissolved in CDCl3 (25 mg/mL) via gentle mixing and heating,
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and analyzed with 1H spectroscopy (Varian Unity Inova 500 MHz) to find the monomer
composition and chemical structure information.

2.3. Preliminary Biodegradation Test

The preliminary biodegradation method is performed for biodegradability screening
of materials compared with reference material by measurement carbon dioxide (CO2)
accumulation from the microbial degradation activities in both natural and synthetic
seawater with sediment under laboratory scale test. The result is designed to percentage of
biodegradation that calculated from conversion of carbon in the reference or test materials
to amount of cumulative carbon dioxide. As a result, this method was carried out using
modified versions of ISO 19679:2016 [20], which specified a test method for determining
the degree and rate of aerobic biodegradation of plastic materials when settled on sandy
marine sediment, and ASTM D6691-17 [21], which was used to measure the degree and rate
of aerobic biodegradation of plastic materials exposed to a pre-grown population of at least
ten aerobic marine microorganisms of recognized genera or the indigenous population
found in natural seawater.

The preliminary biodegradation of PHB and PHBVV bioplastic samples was estimated
in both natural and synthetic seawater with sediment by measuring the amount of accu-
mulated carbon dioxide generated by the degradation activity of the samples within a
group of effective bacteria isolated from the coast of Thailand. The bacterial consortium is
composed of Bacillus marisflavi (TISTR 2158), Bacillus safensis (TISTR 2163), Bacillus subtilis
(TISTR 2173), Bacillus methylotrophicus (TISTR 2193), Pseudomonas spp., and Enterobacter spp.
The natural seawater sample was collected at the Phethai Bridge, Bang-Sare Subdistrict,
Sattahip District, Chonburi Province, Thailand as shown in Figure 1, and the characteristics
of the collected natural seawater are listed in Table 1. In parallel, the reference material
that is known to biodegrade (as chromatography-grade cellulose) must be included in each
test run to check the activity of the bacterial consortium. Synthetic seawater was made
according to ASTM D6691 (2017) standard [22] by dissolving the following substances in
1000 mL of distilled water: 2 g NH4Cl, 17.5 g synthetic sea salt, 2 g MgSO4 7H2O, 0.5 g
KNO3 and 0.1 g K2HPO4 3H2O, and subsequently autoclaved for sterilization.
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Table 1. Physical and chemical properties of natural seawater.

Parameters Analysis Results

1. Temperature, ◦C 30.9
2. Salinity, ppt 34.0
3. pH 8.13
4. Dissolved oxygen, mg/L 6.51

For the preparation of the biodegradation test, the PHA test samples, or positive or
negative references as shown in Table 2, the test size not over 1 mm, were mixed in the
amount of 1% w/v with natural or synthetic seawater with a total bacterial count of 5–6 log
CFU per ml. The samples were incubated in a closed condition at a temperature of 30 ±
2 ◦C. The amount of carbon dioxide (CO2) that occurs in the system from the activity of
microbes was measured throughout the 28 test days in 3 repetitions per sample test. The
samples were tested against positive reference and negative reference samples in closed
conditions under temperature control conditions of 30 ± 2 ◦C at the laboratory, as shown
in Table 2.

Table 2. Sample details employed for the biodegration test in natural and synthetic seawater.

No. Sample Test Sample Code Sample Details

1 ControlSample Control Natural seawater or Synthetic seawater
2 Positive reference sample R+ Chromatography-grade cellulose
3 Negative reference sample R− Polyethylene

4 Sample 1 PHB
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The biodegradability (% Biodegradation) of PHA polyester samples was calculated by
subtracting the cumulative amount of carbon dioxide of the control blank from that of the
test sample and by dividing the value by the theoretical amount of carbon dioxide (ThCO2)
of the test sample as shown in the following equation:

% Biodegradation =
CO2 (test) − CO2 (Control)

ThCO2
× 100 (1)

It is noted that the total organic carbon (TOC) values of the PHB and PHBVV samples
are 54.26 and 53.91 g/g, respectively.
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2.4. Acute Toxicity Tests Using Rotifers

The seawater solution samples of PHB and PHBVV biopolymers that have examined
initial biodegradation tests in natural and synthetic seawater were subsequently assessed
for the environmental safety levels by the ARTOXKIT M test set following the standard
guide for acute toxicity test with the Rotifer Brachionus (ASTM E1440-91) by seawater mites
(Artemia franciscana) as shown in Figure 2. The procedural details of the test are described in
Snell et al. (1991), and the standardized ASTM protocol [23]. The rotifer 24-h acute toxicity
test was performed as a convenient monitor for screening the most effective material
according to the standard method.
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Figure 2. Optical micrographs of seawater mites (Artemia franciscana) used in this study.

2.5. Statistical Analysis

The SPSS Statistics program version 25.0 (IBM, Armonk, NJ, USA) and Microsoft Excel
2019 were used to analyze the data (Microsoft, Redmond, WA, USA). A paired t-test was
employed to compare two sets of data. The differences in averages were judged statistically
significant at the 95 percent confidence level (p ≤ 0.05).

3. Results and Discussion
3.1. Biosynthesis of Bacterial PHB and PHBVV Polyesters

The cultivation of Ralstonia eutropha ATCC 17,699 with glycerol as a sole carbon source
in order to obtain a PHB polymer yielded the following results as shown in Figure 3.
Inoculated at 2.5 L for a period of 62 h under fed-batch cultivation, the cell dry weight
increased up to 68 g/L. During the feasting period of 35 h onwards, it was found that
PHB was rapidly accumulated within the cells, whereas the PHB concentration was higher
and residual biomass tended to be lower. PHB content increased up to 82% at the end
of fermentation. Table 3 summarized the fermentation results corresponding to the PHB
production rate, and the PHB productivity can be calculated at 0.8 g/L/h.
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Figure 3. Time courses of PHB homopolyester formation: cell dry weight, PHB content, and PHA
concentration cultured by fed-batch fermentation in 5 L bioreactor using glycerol as a single substrate.

Table 3. Biosynthesis of harvested PHA samples after fed-batch cultivation of Ralstonia eutropha for 62 h.

PHA Type
Sample

Cell Dry
Weight (g/L)

PHA Content per
Dry Cell a

(%)

PHA Productivity
(g/L/h)

PHA Monomer Composition b

Mw
c

(kDa) PDI c3HB
(%)

3HV
(%)

4HV
(%)

PHB 68 82 0.8 100 0 0 195 1.71
PHBVV 64 83 0.9 87 12 1 163 1.98

a PHA content incorporated in cells was determined by gas chromatography (GC). b PHA monomer compo-
sition was determined by 500 MHz 1H NMR. c Molecular weight of PHA was determined by gel permeation
chromatography (GPC). (Mw: weight average molecular weight, PDI: polydispersity index).

On the other hand, fed-batch fermentation of Ralstonia eutropha ATCC 17,699 was
performed in a 5 L bioreactor containing 2.5 L mineral solution supplemented with a
carbon source of glycerol:levulinic acid cosubstrates at a ratio of 7:3 as precursors of 3HB,
3HV and 4HV monomer unit. The cultivation of PHBVV copolyester was obtained as
shown in Figure 4, providing that at the period of 20–35 and 42–62 h the cell growth rate
and the PHA concentration increased dramatically to 64 g/L and 55 g/L, respectively.
During the 40-h cultivation period onwards, there was a rapid accumulation of PHA within
the cells giving rise to the concentration of PHA being higher and the residual biomass
tended to be lower. The PHA content increased as high as 83% at the end of fermentation
harvested at 62 h. We found that the rate of cell production in the bioreactor tended to
increase over time relating to PHBVV biosynthesis. In addition, the graph shows that
levulinic acid was applied at approximately 40 h, which is the PHA accumulation period
resulting in the PHA productivity increased up to 0.9 g/L/h.
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Table 3 listed PHA copolymer accumulation observed in the PHBVV terpolymer con-
sisting of 3HB 87 mol%, 3HV 12 mol% and 4HV 1 mol%, which affect the mechanical
property of PHA polymer by making it more flexible. The molecular weight and polydis-
persity of PHB homopolyester were at 95 kDa and 1.71 and of PHBVV biopolyester, which
was at 163 kDa and 1.98 (similar to commercial PHA), appropriate for further polymer
processing for packaging application [24,25].
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It should be mentioned that PHB and PHBVV biosynthesis from glycerol and levulinic
acid is capable of meeting the requisite yields of cell mass and PHA production with
acceptable molecular size and chemical composition. Normally, bacterially synthesized
PHB homopolymer has a higher amount of Mw than that of PHA copolymer. However,
in this study, we performed different extraction and purification methods on PHA and
PHBVV. The PHB sample was dissolved by dissolution of non-PHB cell mass while the
PHBVV sample was extracted using the chloroform/methanol precipitation method. As a
result, the values of molecular weight and PDI of both PHB and PHBVV are very similar
giving rise to the suitable specimen for biodegradation tests as initial characteristics of the
samples ideally should be the same.

The NMR measurement confirmed the purified PHB and PHBVV samples to determine
the chemical structure using the proton-NMR technique. The spectra were shown in
Figure 5, and the results PHB homopolymer and PHBVV copolymer have been intrinsically
produced and extracted from Ralstonia eutropha cells.
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Figure 5. 1H-NMR spectra of the extracted PHA samples used in biodegradation test in seawater:
(A) PHB, (B) PHBVV.

3.2. Biodegradation in Seawater of PHB and PHBVV

In this Thailand seawater degradation study, we used two biosynthetic PHA samples
of PHB and PHBVV, both of which had a similar amount of molecular weight approximately
160–200 kDa with closed PDI as shown in Table 3.

Table 4 shows the percentage of biodegradation generated from the cumulative amount
of carbon dioxide resulting from degradation activities in natural or synthetic seawater for
28 days by the modified methods of ISO 19679:2016 and ASTM D6691-17. PHB and PHBVV
samples that were tested, compared to cellulose (R+) and polyethylene (R−) references. The re-
sults show that PHBVV had a higher biodegradability than PHB in both natural (61.2%:12.8%)
and synthetic (96.5%:86%) seawaters correlated to the control and reference samples. It was
noted that PHB and PHBVV copolyesters can be almost completely biodegraded in synthetic
seawater within 28 days, whereas PHBVV has the ability to mineralize to CO2 to over half the
amount of biodegradation in Thailand natural seawater.

Figure 6 shows biodegradation curves of PHB and PHBVV samples compared to cellu-
lose reference samples in natural seawater and synthetic seawater. In synthetic seawater, the
degree of biodegradation of both the PHB and PHBVV increased with time at a rapid rate
after 5 days and could be completely converted to carbon dioxide for 28 days, correlating to
cellulose reference. Whereas the degree of biodegradation in Thailand’s natural seawater of
PHB was almost stable with time, but that of PHBVV still increased with time up to around
60% biodegradation, suggesting that PHA microorganisms are present in natural seawater
in Thailand. This indicated that PHBVV copolyester had a higher ability to be biodegraded
than PHB homopolyester. Typically, copolymer composition affects a decrease of the degree
of crystallinity (Xc) of PHA copolymer giving rise to the lower PHBVV crystallinity than
PHB [14]. In this case, from the enzymatic biodegradation report [12], PHA copolymer
with low Xc has more easily biodegraded than PHB homopolymer with high Xc, which
tends to have a relationship with the biodegradation in seawater.
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Table 4. Biodegradability of PHB and PHBVV samples in Thailand natural and synthetic seawaters
compared with control, positive and negative references.

Sample Code

% Biodegradation at 28 Days

Natural Seawater Synthetic Seawater

Average SD Average SD

Control 1/ - - - -
R+ 2/ 88.8 6.5 100.0 0.8
R− 3/ 0.8 1.2 5.5 8.5

PHB 4/ 12.8 5.3 86.0 5.2
PHBVV 4/ 61.2 3.4 96.5 7.2

Note: The percentage of biodegradation is calculated from 1 The amount of accumulated carbon dioxide generated
by microbial activity in natural or synthetic seawater. (Not including the amount of carbon dioxide in the test
container); 2 The cumulative amount of carbon dioxide resulting from degradation activities. Chromatography-
grade cellulose by a group of microbes from the coastal sea. (Cellulose chromatography-grade easily decomposed
in natural conditions: according to ASTM D6691: 2017 [21]); 3 The cumulative amount of carbon dioxide from
polyethylene degradation activities by a group of coastal microbes. (Polyethylene is difficult to decompose in
natural conditions: according to ASTM D5338-98: 2003 [26]); 4 The cumulative amount of carbon dioxide from the
decomposition activities tested by microbial communities from the coast of Thailand.
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Figure 6. Biodegradation of PHB and PHBVV samples compared to cellulose reference sample in
natural seawater (A) and synthetic seawater (B).

3.3. Initial Assessment of Residual Toxicity Levels of Biodegraded PHAs Seawater

The degraded PHAs seawater samples were subsequently assessed to investigate the
residual toxicity of environmental safety level by using ARTOXKIT M, a 24-h assay based on
the mortality of the test organisms with a calculation of the 24-h LC50 of Artemia franciscana
in test solutions containing 25% and 50% of natural or synthetic seawater samples. Table 5
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shows the percentage viability of Artemia franciscana in natural seawater samples. The
survivability of all of the samples is nearly 100 percent, demonstrating that the degraded
seawater of PHB and PHBVV biodegradation had no residual toxicity. Moreover, as seen in
Table 6, the percentage viability of Artemia franciscana in synthetic seawater in the solution
of ARTOXKIT M shows slightly decreased for PHBVV degraded solution, which does not
impact the environmental safety level [27].

Table 5. Percent viability of Artemia franciscana in natural seawater samples.

Percentage of Natural Seawater
Samples in the Solution of ARTOXKIT M Test

% Viability at 24 h

Control R+ R− PHB PHBVV

25% 100 100 100 100 100

50% 100 100 100 93 100

Table 6. Percent viability of Artemia franciscana in synthetic seawater.

Percentage of Synthetic Seawater Samples in the
Solution of ARTOXKIT M Test

% Viability at 24 h

Control R+ R− PHB PHBVV

25% 97 100 100 100 97

50% 67 100 97 100 87

This finding indicates that Thai seawater can decompose PHA in the presence of local
microorganism consortia, allowing for the usage of bioplastic PHA in coastal areas or
islands. Moreover, even when degraded, it does not produce microplastic. The compounds
that have been digested are also non-toxic to the marine environment. In the near future,
the application of PHA to manufacture bags or marine supplies is quite likely to be used in
Thailand and other countries in Southeast Asia.

4. Conclusions

In this research, we successfully synthesized PHB and PHBVV polyesters in fed-batch
fermentation of Ralsonia eutropha bacterium grown on glycerol-based substrates. PHB and
PHBVV samples were prepared with similar molecular weight by different extraction and
recovery processes. We initiated a method for measuring the quantity of carbon dioxide
accumulated from breakdown processes, which was evaluated using bacteria isolated from
Thailand’s coast. Biodegradation of biosynthetic PHB and PHBVV in synthetic seawater
can be over 60 and 95 percent, respectively, while natural seawater in Thailand can be over
12 and 85 percent, respectively, in 28 days. Residual toxicity levels after biodegradation
using seawater mites (Artemia franciscana) can confirm that the percent viability of PHB
and PHBV degraded solutions is nearly 100 percent viability at 24 h when compared to all
control groups that have no impact on the marine environment.
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Abstract: Bioplastic has been perceived as a promising candidate to replace petroleum-based plastics
due to its environment-friendly and biodegradable characteristics. This study presents the chitosan
reinforced starch-based bioplastic film prepared by the solution casting and evaporation method. The
effects of processing parameters, i.e., starch concentration, glycerol loading, process temperature and
chitosan loading on mechanical properties were examined. Optimum tensile strength of 5.19 MPa
and elongation at break of 44.6% were obtained under the combined reaction conditions of 5 wt.%
starch concentration, 40 wt.% glycerol loading, 20 wt.% chitosan loading and at a process temperature
of 70 ◦C. From the artificial neural network (ANN) modeling, the coefficient of determination (R2)
for tensile strength and elongation at break were found to be 0.9955 and 0.9859, respectively, which
proved the model had good fit with the experimental data. Interaction and miscibility between
starch and chitosan were proven through the peaks shifting to a lower wavenumber in FTIR and
a reduction of crystallinity in XRD. TGA results suggested the chitosan-reinforced starch-based
bioplastic possessed reasonable thermal stability under 290 ◦C. Enhancement in water resistance of
chitosan-incorporated starch-based bioplastic film was evidenced with a water uptake of 251% as
compared to a 302% registered by the pure starch-based bioplastic film. In addition, the fact that the
chitosan-reinforced starch-based bioplastic film degraded to 52.1% of its initial weight after 28 days
suggests it is a more sustainable alternative than the petroleum-based plastics.

Keywords: starch-based bioplastic; chitosan; co-polymer; reinforcement; biodegradation

1. Introduction

Petroleum-based plastics have constituted major parts of our daily life, ranging from
bottled drinks, household appliances and toys to food packaging. The reasons for plastics
having such popular usage are due to their high strength, low cost and light-weight as
well as their thermal and chemical insulating properties [1,2]. However, petroleum-based
plastics are resistant to chemical, solar and microbial degradation [1,3]. This leads to a
build-up of plastic waste in the environment along with increasing utilization of plastic
products [4,5]. The shortcomings can be addressed by the emergence of bioplastics.
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Bioplastics’ renewable nature is associated with constituents that are derived from
plants such as starch, cellulose and lignin or from animal-derived casein, protein and
lipid [6]. Bioplastics have an edge over petroleum-based plastics due to their biodegrad-
ability, instead of the combustion of plastic wastes adopted by the latter [7,8]. Among the
diverse feedstocks for synthesizing of bioplastic, starch is preferred, as it can be easily de-
graded into environment-friendly compounds [9]. In addition, its affordability, abundance
and availability in various starch-producing plants such as sago, cassava, corn and potato
have also added to its superior advantages. However, pure starch-based bioplastic film is
hydrophilic and highly sensitive to water, which would negatively affect its mechanical
and barrier properties, and thereby greatly limit its utilization [10–12].

In starch-based bioplastic film fabrication, plasticizer can be used to overcome film
brittleness caused by the high intermolecular forces [13,14]. The commonly used plasticizers
for starch-based bioplastic film are water, sorbitol and glycerol [15]. Nevertheless, it is not
recommended for water to be used directly as plasticizer in view of the high volatility of its
molecules, which would lead to brittleness in film [16,17]. Glycerol, conversely, possesses
hydroxyl groups that are responsible for inter- and intra-molecular interactions (hydrogen
bonds) in polymeric chains. Thus, it is regarded as the best plasticizer for water-soluble
polymers in providing a more flexible structure for bioplastic films [5,13,18].

The properties of pure starch-based bioplastic film could also be enhanced by blending
it with other polymers such as chitosan with its hydrophobic nature [19,20]. Chitosan is
obtained from the de-acetylation of chitin, which could be abundantly found in natural
sources such as shells and heads of crabs, lobsters or shrimps [21,22]. The non-toxic and
low-cost nature of chitosan has made it a suitable choice as a co-polymer in bioplastic
film fabrication for improving mechanical properties, while reducing the hydrophilic char-
acteristic of starch-based bioplastic film [19]. In addition, the bioplastic film produced
from blending of starch with chitosan would be very attractive as a food-packaging ap-
plication due to the intrinsic antimicrobial property of chitosan. Starch-based bioplastic
films have been synthesized by many researchers from various sources, such as potato [23],
corn [24,25], mango seed [26], jackfruit seed [27], sago [21], avocado seed [28] and cassava
peel [29]. Despite bioplastic fabrication being conducted by many researchers, the para-
metric studies on plasticizer and filler/co-polymer loadings using solution and casting
techniques are rarely being conducted. Possibly, this has been due to the restrictions of
smaller scale (laboratory scale), which was less developed in its present status. Moreover,
the results obtained had not been proven for industrial scale compared to other matured
techniques such as extrusion, blow molding and compression molding. The effects of
starch concentration and process temperature on the mechanical properties of bioplastic
film are also seldom being investigated and their relationships are still unclear. Hence, this
paper aims to provide more insights into the effects of operating parameters, including
starch concentration, glycerol loading, process temperature and chitosan loading on the
mechanical properties of the synthesized bioplastic film, based on the solution casting
and evaporation technique. The present work employs corn starch as matrix, chitosan as
co-polymer and glycerol as plasticizer in the fabrication of a sustainable bioplastic film. The
results of this parametric study on the mechanical properties of the starch-based bioplastic
film will develop a fundamental framework for more in-depth studies in the future. Artifi-
cial neural network (ANN) was adopted in this study in order to compare the experimental
and predicted tensile strength and elongation at break. In addition, pure starch-based and
chitosan-reinforced starch-based bioplastic films were compared in terms of their water
uptake capability and actual biodegradability in soil to address the future of applicability
of bioplastics.

2. Materials and Methods
2.1. Materials

Corn starch powder was procured from Thye Huat Chan Sdn. Bhd., Malaysia. Glycerol
(99.5% purity) was procured from Friendemann Schmidt. Acetic acid (glacial, 100% purity)
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and chitosan (from shrimp shells, medium molecular weight) were purchased from Merck
and Sigma-Aldrich, respectively. Laboratory-formulated distilled water was used through-
out the experiments. All the chemicals were used as received, without further purification.

2.2. Preparation of Corn Starch Bioplastic Film

The solution casting and evaporation method was adopted for bioplastic film prepara-
tion in this study. The formulation was modified from the work of Salehudin et al. [30]. A
schematic diagram of the experimental setup is shown in Figure 1. First, a varying amount
of corn starch (2.5 wt.%–10 wt.% of distilled water), which corresponded to starch: glycerol
ratio (w/w) of 10:8–40:8 was added into a 250 mL beaker containing 100 mL distilled
water in a form of suspension to avoid agglomeration. The starch solution was homoge-
nized at 250 rpm and heated at 60 ◦C for 15 min. Glycerol of varying weight percentages
(40 wt.%–80 wt.% based on weight of starch only) was added into the starch solution and
subjected to different process temperatures (65 ◦C–90 ◦C) until it was gelatinized. For the
addition of varying chitosan loading (0 wt.%–20 wt.% of starch), chitosan was dispersed
in aqueous solution of 1 v/v% acetic acid. Upon completion of the reaction, 15 g of starch
mixture or starch-chitosan mixture was poured into a square container with dimension
of 10 cm × 10 cm. The mixture was then dried in a heating oven at 60 ◦C for 24 h. The
film was peeled off and stored in a desiccator with a sealed plastic bag prior to thickness
measurement and further testing. The final thickness of each film was measured and was
in the range of 0.11 ± 0.02 mm. The effects of fabrication parameters, including starch
concentration, glycerol loading, process temperature and chitosan loading towards the
mechanical properties of corn starch bioplastic film were investigated using the one factor
at a time method. Each experiment was conducted in triplicates to ensure the data repro-
ducibility. The reported values were the average of the individual runs, with errors within
an acceptable range of 5%. The pure starch-based and chitosan-reinforced starch-based
bioplastic films with the optimum tensile strength were then subjected to water uptake and
biodegradation tests to further characterize the bioplastic properties.

Figure 1. Experimental setup for bioplastic film fabrication.

2.3. ANN Modeling

The ANN model was developed using MATLAB Version 7.10 R2010a software (The
MathWorks Inc., Natick, MA, USA). In this study, the hyperbolic tangent sigmoid transfer
function (tansig) was used for the input layer to the hidden layer and the linear transfer
function (purelin) was used from the hidden layer to the output layer. Once the mean
squared error (MSE) reached the minimum value and the average correlation coefficient (R)
was close or equal to 1, the training of ANN model was terminated.
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2.4. Data Verification

The performance of the ANN model was measured statistically based on the coefficient
of determination (R2) according to Equation (1) [31]. Generally, a higher R2 value indicated
higher accuracy for the developed model.

R2 = 1 −
n

∑
i=1

((
ybi − ypi

)2

(
ym − ypi

)2

)
(1)

where n is the number of experimental data, while ybi is the experimental tensile strength/elongation
at break, ypi is the predicted tensile strength/elongation at break and ym is the average
value of the tensile strength/elongation at break obtained from the experiments.

2.5. Characterization of Bioplastic Film
2.5.1. Mechanical Properties

The mechanical properties of bioplastic film such as tensile strength and elongation
at break were determined using Universal Testing Machine (Autograph AG-X, Shimadzu,
Japan) interfaced with computer operating Trapezium software. Measurements were
performed with load cell of 500 N, crosshead speed of 5 mm/min and grip separation
of 30 mm. Three readings were taken from three random places of each film, measuring
7 cm × 1 cm. The average values from three measurements were reported.

2.5.2. Fourier-Transform Infrared (FTIR) Analysis

FTIR spectra of pure starch-based and chitosan-reinforced starch-based bioplastic films
were recorded using FTIR spectrometer operating in attenuated total reflectance (ATR)
mode by positioning the measuring probe directly on the film surface (Perkin Elmer, model
Spectrum 400) to compare the functional groups and chemical bonds between the films.
FTIR spectra of corn starch and chitosan powders were also acquired by placing the samples
on the test area. All the samples were scanned at a frequency range of 4000–450 cm−1 with
32 scans at a resolution of 4 cm−1.

2.5.3. X-ray Diffraction (XRD)

XRD patterns were recorded using an X-ray diffractometer (Rigaku, model MiniFlex
300/600) equipped with CuKα radiation, operating at 40 kV and 14 mA. All the samples
were measured at room temperature over the angular range 3–90◦ (2θ) at a step size of
0.02◦ in continuous mode.

2.5.4. Thermal Analysis

Thermal behaviors of pure starch-based and chitosan-reinforced starch-based bio-
plastic films were characterized by thermal gravimetric analysis (TGA). This thermal
decomposition analysis was performed by using a thermogravimetric analyzer (Perkin
Elmer, model TGA Pyris 1). A bioplastic film of around 5 mg was placed in a platinum pan
and heated from ambient temperature to a final temperature of 900 ◦C at a heating rate of
20 ◦C/min with nitrogen flow rate of 50 mL/min [19,32].

2.5.5. Water Uptake Test

The water uptake test was modified from the study of Maulida and Tarigan [29] and
Wu [33]. Bioplastic film was cut into a uniform size of 2 cm × 2 cm with its mass being
weighed. The film was then immersed in a container filled with distilled water for 90 min.
During the period, the film was removed from the water at 10-min intervals. Immediately
after it was blotted dried with tissue paper, the film was weighed before returning to the
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water. The water uptake by the film was calculated according to Equation (2) [4]. The
average values from three measurements were reported.

Water uptake =
W − Wo

Wo
× 100% (2)

where Wo is the weight of dry sample (g), W is the weight of sample after immersion in
distilled water (g)

2.5.6. Biodegradation Test

Bioplastic samples with the dimension 2 cm × 2 cm were buried in compost soil pur-
chased from a local plant nursery at ±3 cm depth and left for 28 days with weekly sampling
being performed. The buried samples were cleaned of soil and weighed. The biodegrada-
tion test was conducted at room temperature with relative humidity of 40–50%. The weight
loss of the bioplastics was calculated using Equation (3) [9]. Three replicates of each sample
were subjected to the biodegradation test and the average values were reported.

Weight loss =
Wo − W f

Wo
× 100% (3)

where Wo is the initial bioplastic weight (g), W f is the final bioplastic weight (g).

2.6. Statistical Analysis

Statistical analysis was performed on OriginPro 2018 software (OriginLab, USA). One-
way analysis of variance (ANOVA) with Tukey test was performed to compare the mean
values at the significance level of 5% (p < 0.05).

3. Results and Discussion
3.1. Mechanical Properties
3.1.1. Effect of Starch Concentration

The effects of starch concentration on the mechanical properties that were evaluated
by fixing a glycerol amount of 2 g and a process temperature of 70 ◦C without incorporation
of chitosan are presented in Figure 2. The tensile strength of bioplastic film decreased signif-
icantly from 3.22 MPa to 0.78 MPa (p < 0.05) and so did the elongation at break, indicating
a substantial drop from 53.6% to 41.6% (p < 0.05) with the addition of starch concentration
from 2.5 wt.% to 7.5 wt.%. The significant decrement of 75.8% in tensile strength could be
explained by the increase in amylopectin content as the starch concentration increased. The
branched structure of amylopectin created a distance between the polymer chains resulting
in weaker hydrogen bonds between them [21,34]. These research findings were in accord
with the work of Sapei et al. [34] on the effects of different banana starch concentrations (10
to 30 vol.%) on the mechanical properties of chitosan-starch bioplastic film. It was worth
noting that a very brittle bioplastic film was formed at 10 wt.% starch concentration. The
brittleness incapacitated the tensile test, which can be evidenced from Table 1 exhibiting the
cracked film with small broken pieces. This finding revealed that a 10 wt.% starch solution
was too saturated to produce a smooth and uniform film whereas glycerol at 40 wt.% was
insufficient to facilitate the formation of a film. The decrease in the elongation at break
could be explained through the saturation phenomenon, whereby the bondings between
the starch molecules increased as the starch concentration was increased to a saturation
amount that would prevent glycerol molecules to fit into the molecular chains [35].

287



Polymers 2022, 14, 278
Polymers 2022, 14, x FOR PEER REVIEW 6 of 22 
 

 

 
Figure 2. Tensile strength and elongation at break of pure starch-based bioplastic films at different 
starch concentrations. Different letters indicate the values are significantly different (p < 0.05). 

Table 1. Gelatinized duration required and film appearance at different starch concentrations. 

Starch Concentration 
(wt.%) Gelatinized Duration (h) Film Appearance 

2.5 5.5 

Film free of air bubbles. 

 

5 2 

Film free of air bubbles. 

 

7.5 1.5 

Film with tiny air bubbles. 

 
10 1 Brittle film. 

Figure 2. Tensile strength and elongation at break of pure starch-based bioplastic films at different
starch concentrations. Different letters indicate the values are significantly different (p < 0.05).

Table 1. Gelatinized duration required and film appearance at different starch concentrations.

Starch Concentration (wt.%) Gelatinized Duration (h) Film Appearance

2.5 5.5

Film free of air bubbles.

Polymers 2022, 14, x FOR PEER REVIEW 6 of 22 
 

 

 
Figure 2. Tensile strength and elongation at break of pure starch-based bioplastic films at different 
starch concentrations. Different letters indicate the values are significantly different (p < 0.05). 

Table 1. Gelatinized duration required and film appearance at different starch concentrations. 

Starch Concentration 
(wt.%) Gelatinized Duration (h) Film Appearance 

2.5 5.5 

Film free of air bubbles. 

 

5 2 

Film free of air bubbles. 

 

7.5 1.5 

Film with tiny air bubbles. 

 
10 1 Brittle film. 

5 2

Film free of air bubbles.

Polymers 2022, 14, x FOR PEER REVIEW 6 of 22 
 

 

 
Figure 2. Tensile strength and elongation at break of pure starch-based bioplastic films at different 
starch concentrations. Different letters indicate the values are significantly different (p < 0.05). 

Table 1. Gelatinized duration required and film appearance at different starch concentrations. 

Starch Concentration 
(wt.%) Gelatinized Duration (h) Film Appearance 

2.5 5.5 

Film free of air bubbles. 

 

5 2 

Film free of air bubbles. 

 

7.5 1.5 

Film with tiny air bubbles. 

 
10 1 Brittle film. 

7.5 1.5

Film with tiny air bubbles.

Polymers 2022, 14, x FOR PEER REVIEW 6 of 22 
 

 

 
Figure 2. Tensile strength and elongation at break of pure starch-based bioplastic films at different 
starch concentrations. Different letters indicate the values are significantly different (p < 0.05). 

Table 1. Gelatinized duration required and film appearance at different starch concentrations. 

Starch Concentration 
(wt.%) Gelatinized Duration (h) Film Appearance 

2.5 5.5 

Film free of air bubbles. 

 

5 2 

Film free of air bubbles. 

 

7.5 1.5 

Film with tiny air bubbles. 

 
10 1 Brittle film. 

288



Polymers 2022, 14, 278

Table 1. Cont.

Starch Concentration (wt.%) Gelatinized Duration (h) Film Appearance

10 1

Brittle film.
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To gain an insightful overview of the starch synthesized bioplastic film and the effects
on its mechanical properties, gelatinized duration required and appearance of film at di-
verse starch concentrations are presented in Table 1. In general, the surface of bioplastic
film in contact with the container was shinny and glossy; meanwhile, the surface exposed
to air during drying was dull looking. Starch is responsible for the cohesion of bioplastic
during heating; a lower starch concentration required a longer heating process and would
consume a greater energy consumption to evaporate the water content in achieving co-
hesion of bioplastic [36]. Despite that at 2.5 wt.% starch concentration, the bioplastic film
possessed tensile strength that was 11.2% higher than that of 5 wt.% starch concentration,
the gelatinization duration was 3.5 h longer. This implied 2.5 wt.% was not feasible to be
considered as the optimum starch concentration from an economic perspective. Therefore,
a 5 wt.% starch concentration was used to optimize the subsequent parameter investigated.

3.1.2. Effect of Glycerol Loading

Glycerol was used as a plasticizer to synthesize bioplastic in the present study to
reduce the film brittleness by reducing the intermolecular forces between polymer chains,
while increasing their mobility to produce a more elastic and flexible film [37]. From the
findings of varying glycerol loadings (40 wt.% to 80 wt.% at 10 wt.% increments, which
corresponded to starch: glycerol ratio (w/w) of 20:8 to 20:16) on the mechanical properties
of the synthesized bioplastic film, the results in Figure 3 show that tensile strength exhibited
a decreasing trend, in which it dropped from 2.86 MPa to 0.24 MPa when the glycerol
loading was increased from 40 wt.% to 80 wt.%, and in contrast the elasticity of the film
showed an opposite trend (p < 0.05). This could be reflected from the significant increase
of 24.6% (from 51.5% to 76.1%) in the elongation at break value within the investigated
range of glycerol loading. Higher glycerol loading provides greater free-movement space
for the glycerol molecules to slip between the amylose-amylopectin chains. This weakens
the interaction between the polymer in preventing the formation of rigid structures, while
softening the polymer matrix, simultaneously [38]. The same behavioral plasticizing effect
of glycerol on starch-based bioplastic film was observed by Ginting et al. [38] and Santana
et al. [39] in the fabrication of durian seed starch-chitosan-sorbitol and cassava starch-
glycerol films, respectively. Glycerol of 40 wt.% was used to optimize the subsequent
parameters investigated, as the film obtained at lower amount of 30 wt.% glycerol was too
brittle to be subjected for tensile test.
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3.1.3. Effect of Process Temperature

Temperature always exerts an effect on reaction. Preliminary study indicated that
process temperature below 65 ◦C did not successfully produce a film. To elucidate the
temperature effect on the fabrication of bioplastic, temperatures ranging from 65 ◦C to
90 ◦C were applied to the bioplastic solution and their effects on the mechanical properties
of the bioplastic film are shown in Figure 4. When the process temperature increased from
65 ◦C to 70 ◦C, the tensile strength of the bioplastic film increased from 1.52 MPa to an
optimum value of 2.86 MPa within the range of the investigated temperature (p < 0.05).
The temperature increased from 65 ◦C to 70 ◦C had induced gelatinization by producing
a film that is free of air bubbles, which can be observed from Table 1. However, tensile
strength had then dropped to 1.96 MPa as the process temperature further increased to
90 ◦C (p < 0.05). The declining of tensile strength at higher process temperature might be
caused by the weakening of intermolecular bonds in starch as excessive heating breaks the
glycosidic bonds (bonds between monomers) in amylose [38]. Amylose plays an important
role in the gel formation and the production of compact thin film. The excessive heat
provided at 90 ◦C resulted in the depolymerization of long chain amylose into short chain
amylose. This has subsequently decreased the amylose content [40,41]. A reduction in
amylose content lowers the cohesiveness of bioplastics formation and, thus, its tensile
strength is decreased [38].

Moreover, elongation at break increased with increasing process temperature. The
highest investigation temperature of 90 ◦C gave rise to the longest elongation at break
of 71.0%. At lower process temperature, the molecules in the polymer matrix are closely
packed with lower kinetic energy. Thus, small free volume is present within the polymer
matrix and the movement of the molecules are somewhat restricted. As the process
temperature increases, the higher kinetic and thermal energies imparted to the polymer
molecules could trigger more intense vibrations and generate more free volumes available
for larger molecular chain rotation in the solution [42]. This suggests that besides the
addition of glycerol, increase in the free volume between the polymer chains can also
be achieved with increase in temperature. Eventually, the increasing mobility of starch
molecules and the softening of film matrix would synergistically increase the flexibility of
the synthesized film. This could be observed from the increase of 31.2% (39.8% to 71.0%) in
the elongation at break percentage of bioplastic film as the process temperature was elevated
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from 65 ◦C to 90 ◦C (p < 0.05) [42,43]. Furthermore, Ginting et al. [38] also reported similar
trends of tensile strength and elongation at break with respect to the process temperature.
Both the optimum tensile strength and elongation at break, respectively, of 19 MPa and 2.6%
were obtained at 70 ◦C when durian seed starch was used as matrix, sorbitol as plasticizer
and chitosan as co-polymer.
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3.1.4. Effect of Chitosan Loading

The effects of chitosan loading (0 wt.% to 20 wt.%, which corresponded to starch:
glycerol: chitosan ratio (w/w) of 20:8:0 to 20:8:1) on the mechanical properties of bioplastic
film are shown in Figure 5. With the addition of 5 wt.% chitosan loading, the tensile strength
was improved to 3.86 MPa, which was 1.35 times greater than that of the pure starch-based
bioplastic film at 2.86 MPa (p < 0.05). Further increase in the chitosan loading to 20 wt.%
resulted in the tensile strength increasing to 5.19 MPa (p < 0.05). The reinforcement in
the tensile strength could be attributed to the presence of more hydrogen bonds between
NH3

+ of the chitosan and OH− of the corn starch. The amino groups (NH2) from chitosan
were protonated to NH3

+ in the acetic acid solution, while the orderly arranged crystalline
structure of starch molecules was disrupted during the gelatinization process, resulting in
the OH− groups being exposed to form hydrogen bonds with NH3

+ of the chitosan. Hence,
chemical bonds of the bioplastic film were stronger and harder to be broken [27,38,44]. In
contrast to the trend in tensile strength, elongation at break showed a decreasing trend
with higher chitosan loading, although the perceived difference was not very significant
(p > 0.05). Pure starch-based bioplastic film had elongation at break of 51.5%, whereas
the chitosan-incorporated starch-based bioplastic film had elongation at break of 47.9%
with 5 wt.% chitosan loading. When the chitosan loading was increased to 20 wt.%, the
lowest elongation at break of 44.6% was obtained and similar results were reported by
Hasan and Rahmayani [4] on the negative effect exerted by the increase in chitosan loading
on the film flexibility. Another study published in the literature also demonstrated the
improvement of tensile strength but lower elongation of break by 25 wt.% of chitosan
loading in starch-based bioplastic film [27]. The tensile strength demonstrated in the
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published study [27] was higher than that of the present study (13.52 MPa vs. 5.19 MPa). In
addition to the higher chitosan loading demonstrated in the published study (25 wt.% vs.
20 wt.%), this observation could be due to different plasticizers employed in both studies,
in which sorbitol was employed. Sorbitol has six hydroxyl groups, which is double the
number of hydroxyl groups compared to the glycerol. Sorbitol could bind more hydroxyl
groups to the starch via hydrogen bonding, thereby achieving higher tensile strength than
the present study [45].
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In the present study, optimum tensile strength was determined at 20 wt.% chitosan
loading. It is apparent that when the additional 5 wt.% chitosan loading was added,
chitosan could not be dissolved completely in the starch solution leading to chitosan
aggregation and the formation of numerous big lumps.

3.2. ANN Modeling Results

A total of 16 experimental runs were conducted using four input variables, i.e., starch
concentration, glycerol loading, process temperature and chitosan loading and two output
variables, i.e., average tensile strength and average elongation at break. The experimental
data were randomly divided into 60% for the training, 20% for testing and 20% for vali-
dation. Based on the heuristic procedure, the optimum numbers of hidden neurons that
fulfilled the requirements of minimum MSE and maximum R were 4 for tensile strength
and 3 for elongation at break. Thus, the best topology was found to be 4-4-1 for tensile
strength (Figure 6) and 4-3-1 for elongation at break (Figure 7) prediction. The values of R
for training, validation, test and all, for tensile strength were 1, 0.97975, 0.99123 and 0.99552,
respectively, (Figure 8). For elongation at break, the values of R for training, validation,
test and all, were 0.99149, 0.99897, 0.99781 and 0.98593, respectively, (Figure 9). It could be
observed from Tables 2 and 3 that the values of R2 for tensile strength and elongation at
break were 0.9955 and 0.9859, respectively, which were very close to unity. Therefore, it
could be concluded that the model had good fit with the experimental data [46].
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Table 2. Comparison of the experimental tensile strength and predicted tensile strength by
ANN model.

Experimental
Run

Starch
Concentration

(wt.%)

Glycerol
Loading (wt.%)

Process
Temperature

(◦C)

Chitosan
Loading (wt.%)

Experimental
Tensile

Strength (MPa)

Predicted
Tensile

Strength (MPa)

1 2.5 40 70 0 3.22 3.22
2 5 40 70 0 2.86 2.85
3 7.5 40 70 0 0.78 0.78
4 5 50 70 0 2.30 2.29
5 5 60 70 0 1.36 1.30
6 5 70 70 0 0.42 0.51
7 5 80 70 0 0.24 0.23
8 5 40 65 0 1.52 1.52
9 5 40 75 0 2.50 2.94

10 5 40 80 0 2.27 2.20
11 5 40 85 0 2.15 2.14
12 5 40 90 0 1.96 2.34
13 5 40 70 5 3.86 3.86
14 5 40 70 10 4.65 4.68
15 5 40 70 15 5.03 5.02
16 5 40 70 20 5.19 5.18
R2 0.9955
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Table 3. Comparison of the experimental elongation at break and predicted elongation at break by
ANN model.

Experimental
Run

Starch
Concentration

(wt.%)

Glycerol
Loading (wt.%)

Process
Temperature

(◦C)

Chitosan
Loading (wt.%)

Experimental
Elongation at

Break (%)

Predicted
Elongation at

Break (%)

1 2.5 40 70 0 53.6 54.3
2 5 40 70 0 51.5 48.6
3 7.5 40 70 0 41.6 41.4
4 5 50 70 0 53.8 56.2
5 5 60 70 0 64.8 63.7
6 5 70 70 0 68.2 69.9
7 5 80 70 0 76.1 74.3
8 5 40 65 0 39.8 38.7
9 5 40 75 0 52.6 53.5

10 5 40 80 0 53.2 55.3
11 5 40 85 0 67.1 65.4
12 5 40 90 0 70.8 75.1
13 5 40 70 5 47.9 48.2
14 5 40 70 10 49.8 47.5
15 5 40 70 15 46.1 46.4
16 5 40 70 20 44.6 45.1
R2 0.9859

3.3. FTIR

FTIR spectra of pure starch-based bioplastic film and chitosan-reinforced starch-based
bioplastic films are compared with the spectra of corn starch and chitosan powders as shown
in Figure 10a. The following bands observed in the corn starch powder at 3259.86 cm−1,
2929.46 cm−1 and 1639.82 cm−1 corresponded to O–H stretching, –CH2 stretching vibrations
and O–H bending of water, respectively, [47]. Chitosan powder showed characteristic peaks
at 3293.29 cm−1, which were attributed to N–H and O–H stretching, 1647.44 cm−1, which
was assigned to amide I (C=O stretching) and 1570.59 cm−1, which was assigned to amide
II (C–N stretching and C–N–H bending vibrations) [48]. In the spectra of pure starch-based
bioplastic film, the peaks observed at 3285.60 cm−1 and 2926.23 cm−1 were associated
with O–H and –CH2 stretching vibrations, respectively, [49]. The bands at 1648.46 cm−1

and 1411.63 cm−1 were, respectively, assigned to the O–H bending of water and CH2
groups [50]. The typical region of saccharide bands covered 1180–953 cm−1 in which the
peaks at 1150.46 cm−1 and 1077.95 cm−1 were associated to stretching vibration of C–O in
C–O–H groups, while the bands at 1015.68 cm−1 and 995.09 cm−1 were attributed to C–O
in C–O–C groups [51,52].

Changes in FTIR spectrum were observed after chitosan was added to the starch-based
bioplastic film. As compared with the chitosan powder, the amide I and amide II char-
acteristic peaks of chitosan in the spectra of chitosan-reinforced starch-based bioplastic
film were shifted from 1647.44 cm−1 to 1643.04 cm−1 and 1570.59 cm−1 to 1563.18 cm−1,
respectively. The findings illustrated the interactions between hydroxyl groups of starch
and amino groups of chitosan, which had promoted the compatibility of starch and chi-
tosan [44,53]. Furthermore, the characteristic peak of inter- and intra-molecular hydrogen
bonds in starch (3259.86 cm−1) and chitosan (3293.29 cm−1) were shifted to 3276.45 cm−1.
This shift revealed the formation of inter- and intra-molecular hydrogen bonding between
starch and chitosan [53]. Increase in the intensities of absorption peaks were noted in both
pure starch-based and chitosan-reinforced starch-based bioplastic films relative to that of
the corn starch and the chitosan powders as illustrated in the inset of Figure 10b. This
was resulted from the overlapping of chemical bonds, indicating the presence of strong
interaction between the molecules of different material components such as starch, chitosan
and glycerol [54].
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3.4. XRD

Figure 11 presents the XRD profiles of corn starch powder, pure starch-based bioplastic
film, chitosan-reinforced starch-based bioplastic film and chitosan powder. The corn
starch powder had diffraction peaks at 15.17◦, 17.25◦, 17.88◦, 20.25◦ and 22.99◦, which
corresponded to A-type crystalline structure [12,55,56]. Unlike that of the corn starch
powder, the pure starch-based bioplastic film exhibited a different XRD pattern with
peaks at 17.23◦, 20.03◦, 27.49◦ and 29.40◦. This probably could be explained by the glycerol
molecules that replaced the inter- and intramolecular hydrogen bonds, which had disrupted
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the crystallinity of starch during the bioplastic film fabrication [52]. The chitosan powder
was in a crystalline state as two main diffraction peaks (2θ = 9.55◦ and 20.15◦) were
manifested in the XRD profile [44]. When chitosan was added into the pure starch-based
bioplastic film, the crystallinity of the blend film (chitosan-reinforced starch-based bioplastic
film) was decreased as reflected in the lower diffraction peaks at 20.06◦, 28.23◦ and 30.12◦.
A similar finding was also discovered by other researchers [50,53,57]. The disappearance
of peak at 17.23◦ in chitosan-reinforced starch-based bioplastic film could be considered
as further evidence of the interaction between starch and chitosan [53]. In addition, the
characteristic peak of chitosan (9.55◦) did not appear in the chitosan reinforced starch-based
bioplastic film. This could be due to the formation of intermolecular hydrogen bonding
between starch and chitosan, which did not favor the crystallization of starch but had
altered the chitosan structure [53]. These results further corroborated the FTIR results in
which there was miscibility between corn starch and chitosan owing to their intermolecular
interaction.
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3.5. Thermal Analysis

The TGA and derivative thermogravimetric (DTG) profiles of pure starch-based and
chitosan-reinforced starch-based bioplastic films are shown in Figure 12a,b, respectively.
There are five weight losses in both films. The first weight loss occurred between ~30 ◦C
and ~100 ◦C was associated with the evaporation of free water [18]. The second weight loss
took place between ~100 ◦C and ~200 ◦C was related to the evaporation of moisture from
the bioplastic films [58]. The third weight loss range of ~200 ◦C to ~300 ◦C corresponded
to the thermal decomposition of starch in bioplastic films and degradation of glycerol
(boiling point of 290 ◦C) [18]. Starch contained amylose particles, which could form carbon,
hydrogen and oxygen in its volatile state [59]. Around 300 ◦C to ~500 ◦C, compounds
with lower molecular weight such as plasticizer (glycerol) and additive (chitosan) were
released as well as the degradation of starch which took place at 408 ◦C, as shown in
Figure 12b. Beyond 500 ◦C, pyrolysis of carbonated compounds took place resulted in
inorganic materials in the remaining residue samples [60].
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bioplastic films.

From the DTG curve as shown in Figure 12b, the decomposition temperatures of pure
starch-based and chitosan reinforced starch-based bioplastic films were recorded at 390 ◦C
and 371 ◦C, respectively. The latter film had a much lower decomposition temperature,
which might be attributed to the presence of acetic acid that disrupted the inter- and
intra-molecular hydrogen bonds to induce thermal degradation [61,62]. Another reason
could be ascribed to the decreased crystallinity in the chitosan-reinforced starch-based
bioplastic film, as previously discussed in the XRD results. Film with lower crystallinity
would have more molecular movement in the polymer chains and thereby lower the
degradation temperature [63,64]. As approaching 900 ◦C, the chitosan-reinforced starch-
based bioplastic film was found to have 17% residue, which was 10% higher than pure
starch-based bioplastic film with 7% residue. From the DTG curves, as shown in Figure 12b,
the results suggested that pure starch-based and chitosan-reinforced starch-based bioplastic
films should be subjected to applications below 316 ◦C and 290 ◦C, respectively, without
degradation or loss of their characteristics. Most of the applications associated with this
type of bioplastic, such as packaging and containers, are usually operated from room
temperature to slightly higher than 100 ◦C. These operating temperatures are well below
the thermal stability of the bioplastic films.

3.6. Water Uptake Test

Water uptake capability of bioplastic film is directly related to its hydrophilic na-
ture [37]. The water uptake trends of pure starch-based and chitosan-reinforced starch-
based bioplastic films of the study are depicted in Figure 13. Comparatively, chitosan-
reinforced starch-based bioplastic film had a lower water uptake capability. Both types
of bioplastic films absorbed water rapidly within the first 10 min of water immersion,
indicating their strong hydrophilic nature. This was due to the abundance of free hydroxyl
groups available in starch and chitosan, which would allow large amount of water to
penetrate into the film within minutes [10]. After 10 min of immersion time, starch-based
bioplastic film absorbed 270% water and chitosan-reinforced starch-based bioplastic film
absorbed 206% water. Beyond 40 min immersion period, pure starch-based bioplastic film
reached its maximum water uptake of 302%, whereas the chitosan-reinforced starch-based
bioplastic film only achieved a maximum water uptake of 251% after 50 min immersion.
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Once exceeded their respective optimum uptake threshold, both the pure starch-based
and chitosan-reinforced starch-based bioplastic films showed a gradual decrease in water
uptake and mass losses. The pure starch bioplastic film can be dissolved in water faster than
chitosan-reinforced starch-based bioplastic film, indicating that the latter film possesses
better stability in water. When the water immersion time was prolonged to 90 min, both
pure starch and chitosan-reinforced starch-based bioplastic films showed a decrease in
water uptakes at 281% and 217%, respectively. Comparing the maximum water uptake
capability between pure starch-based bioplastic film (302%) and chitosan-reinforced starch-
based bioplastic film (251%), the larger water uptake capability demonstrated by the latter
suggesting that chitosan could be used to improve the water resistance of pure starch-
based bioplastic film attributing to the hydrophilic nature of amylose. Water molecules
were easily absorbed by the pure starch-based bioplastic film during immersion [4]. With
the incorporation of chitosan into the starch-based bioplastic film, the interlink network
formed between starch and chitosan could prevent water molecules penetrating through
the film [10]. Additionally, from another perspective, water resistance of bioplastic film
was enhanced by the hydrophobic nature of chitosan, which has mitigated the hydrophilic
nature of starch, diminishing their interactions with water molecules [4,65]. The observa-
tion is in agreement with the work of Anggraini et al. [21] on sago starch-chitosan-sorbitol
bioplastic film reporting a water uptake of 204.97% for bioplastic film without chitosan,
and a much reduced water uptake of 130.31% in 20 wt.% chitosan-loaded bioplastic film.
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3.7. Biodegradation Test

The percentage weight losses of pure starch-based and chitosan-reinforced starch-
based bioplastic films are displayed in Figure 14. The weight losses of both bioplastic
films increased with the burial time, suggesting the degradation of bioplastic films. On
day 7, both films were found to have degraded by more than 40% of their initial weight.
Pure starch-based bioplastic film degraded by 53.6% and chitosan-reinforced starch-based
bioplastic film degraded by 47.5%. There was no significant weight loss for both bioplastic
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films on the 2nd and the 3rd week. On day 28, the weight losses of pure starch-based and
chitosan-reinforced starch-based bioplastic films, respectively, reached 67.7% and 52.1%.
Pure starch-based bioplastic film showed more weight loss than the chitosan-reinforced
starch-based bioplastic film throughout the burial period, which could be due to higher
hydrophilicity of the starch matrix [66]. The chitosan-reinforced starch-based bioplastic film
had slower degradation, which might be due to the antimicrobial properties of chitosan as
well as the interaction between starch and chitosan via hydrogen bonding, which possibly
reduced the hydrophilicity of the starch matrix and thus slowing down the biodegradation
rate [34,67].
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4. Conclusions

Chitosan-reinforced starch-based bioplastic film was successfully prepared through
the solution casting and evaporation method. This study described the effects of various
parameters in attaining the optimum tensile strength of bioplastic film, and also confirmed
the relationship between starch concentration and process temperature with the gelatinized
duration. Higher starch concentration and process temperature would shorten the gela-
tinized duration and negatively affect the tensile strength. Using the hydrophobic nature
of chitosan as a reinforcement agent not only could help to enhance the tensile strength,
but also could improve the water resistance of starch-based bioplastic film. Although
chitosan-reinforced starch-based bioplastic film could only be subjected to application
below 290 ◦C, which was lower than pure starch-based bioplastic film (316 ◦C), it exhibited
more than 50% faster biodegradability property, which will be greener for the environment.

This study has also laid the foundation in developing similar types of biodegradable
chitosan-reinforced starch-based bioplastic film, which could be used to replace petroleum-
based plastics. The formulation of composition based on corn starch as a matrix would also
be beneficial in designing a more complete experimental study using starch derived from
other agricultural waste. Although the present study demonstrated that the mechanical
properties of bioplastic film were affected by the starch concentration, the relationship

300



Polymers 2022, 14, 278

between the starch concentration and the mechanical properties of the bioplastic films is
still not conclusive. Therefore, more empirical studies are required to refine and improve
the reported findings.
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Abstract: In the era of the coronavirus pandemic, one of the most demanding areas was the supply
of healthcare systems in essential Personal Protection Equipment (PPE), including face-shields and
hands-free door openers. This need, impossible to fill by traditional manufacturing methods, was
met by implementing of such emerging technologies as additive manufacturing (AM/3D printing).
In this article, Poly(lactic acid) (PLA) filaments for Fused filament fabrication (FFF) technology in the
context of the antibacterial properties of finished products were analyzed. The methodology included
2D radiography and scanning electron microscopy (SEM) analysis to determine the presence of
antimicrobial additives in the material and their impact on such hospital pathogens as Staphylococcus
aureus, Pseudomonas aeruginosa, and Clostridium difficile. The results show that not all tested materials
displayed the expected antimicrobial properties after processing in FFF technology. The results
showed that in the case of specific species of bacteria, the FFF samples, produced using the declared
antibacterial materials, may even stimulate the microbial growth. The novelty of the results relies
on methodological approach exceeding scope of ISO 22196 standard and is based on tests with
three different species of bacteria in two types of media simulating common body fluids that can be
found on frequently touched, nosocomial surfaces. The data presented in this article is of pivotal
meaning taking under consideration the increasing interest in application of such products in the
clinical setting.

Keywords: biomaterials; filaments; antimicrobial; fused filament fabrication (FFF); fused deposition
modelling (FDM); Poly(lactic acid) (PLA)

1. Introduction

The Food and Drug Administration (FDA) reporting activities indicated that the
COVID-19 epidemic would affect the supply chain of medical products and supply dis-
ruptions or shortages of critical medical products [1–3]. In the context of the COVID-19
pandemic, the choice of fillers in polymers is, to a significant extent, dictated by copper’s
strong antiviral and antibacterial effect [4]. In addition, also due to the increased production
of personal protective equipment (PPE) and other critical medical materials and devices,
the demand for additive technologies has increased [5]. All surfaces should be considered
at risk of contamination by microorganisms transmitted from the patients, visitors, and
medical personnel in the clinical setting. Microbes (viruses, bacteria, and fungi) can also
be dispersed by aerosols or body fluids on medical surfaces. Therefore, biocidal surfaces
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are essential in preventing so-called nosocomial (hospital) infections and epidemic out-
breaks [6]. Palza [7] suggests that the addition of copper nanoparticles to polymers, thanks
to their antimicrobial properties, is a promising application for the development of medical
devices protected from microbial contamination. In the polymer–Cu composites, there is a
similar tendency, dependent on the number of particles in the polymer, directly related to
the release of the metal ions responsible for the antimicrobial effect [8].

Poly(lactic acid) (PLA) is a low-crystalline, biodegradable polymer widely used nu-
merous of industry fields [9]. PLA due to its innate characteristics is also commonly used
in 3D printing technology, especially considering its ease of production and source mate-
rial availability [10]. As an additive manufacturing method, Fused Filament Fabrication
(FFF), also known as Fused Deposition Modelling (FDM), enables rapid prototyping and
on-demand production [11]. Thanks to the properties mentioned above, PLA is used to
produce medical equipment, such as PPE, needed to keep healthcare personnel, patients,
and public service employees safe during the COVID-19 pandemic [10]. The combination
of the production capabilities of FFF devices, along with the availability of materials and
open-source digital models, allowed for a quick response during a pandemic crisis and
immediate production of the necessary products [12].

Applications such as medical and biomedical as well as food packaging would benefit
from antibacterial properties acquisition [9,13,14]. There are two strategies for the design
of antimicrobial materials. The basic approach is to change the chemical properties by
adding active agents to the polymer matrix, which are usually added on mesoporous silica
nanoparticles carriers [15]. Typical antimicrobial additives or fillers reported in literature
are Ag, Cu, Zn, ZnO, TiO2, MgO, or SiO2 [16,17] as well as blends consisting of ceramics—
Al2O3 or SiO2 in combination with active nanoparticles [18,19]. Another way is to modify
the surface by adding geometric patterns on it that reduce bacterial colonization of the
surface. Due to the limitations of the developed surface topography, the contact area of
bacteria is narrower compared to the condition of the smooth surface. And it is possible
to use the synergistic effect of both methods, which may lead to even better antimicrobial
properties [20]. Research on a commercial product for FFF technology applications showed
that PLA with a 1% addition of copper nanoparticles was up to 99.99% effective against
S. aureus and E. coli after a 24-h incubation period [21]. PLA, as an additively manufactured
material, is one of the most widely used polymers in medicine applications [22].

Therefore, the subject of this article is the verification of commercially available
filaments, whose manufacturers claim antimicrobial properties of their product. The lack
of antibacterial properties may lead to the inappropriate use of these materials or mislead
a potential customer. The verification was done on two levels: (1) analysis of the additives’
presence in filaments using 2D digital radiography and SEM and (2) biological tests to
analyze the antimicrobial properties of filaments. The biological tests were carried out
using three different bacterial species (S. aureus, P. aeruginosa, and C. difficile), considered to
be the prevalent etiological factors of hospital infections.

The novelty of the results consists of considering the potential antibacterial properties
declared by the manufacturer, represented by details produced using FFF technology, and
verifying them to our own research, using other than provided in the standard bacterial
species, concerning potential medical applications.

2. Materials and Methods
2.1. Materials

Nine antibacterial filaments with a diameter of 1.75 mm from commercial producers
were evaluated (Table 1). The base material of filament is PLA. The antibacterial additives
are copper (Cu) or silver (Ag) in different forms, such as nano- or micro-particles. Each
manufacturer used a different type of additive (Table 1). According to manufacturers’
claims, all materials displayed strong antibacterial properties.
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Table 1. The list of filaments with additions.

Name in the
Manuscript Trade Name Manufacturer Chemical Composition LOT; S/N; Batch No.

A AbFil PLA 850 3D Fils (Elche, Spain) PLA with silver additives 20042908DIJ

B Mega 3D
Antibacterial PLA FiberForce (Treviso, Italy) Based on PLA, manufacturer

doesn’t specify additives FX-100-30

C NanoCICLA Cicla3D (Bío, Argentina) PLA with copper nanoparticles 0000000503

D PLA Antibacterial Philament/Filaticum
(Miskolc, Hungary) PLA with metal additives N/S *

E PLActive AN1 Copper3D (Santiago, Chile) PLA with Nano-Copper additive 16708001

F PrimaSelect PLA
AntiBac

PrimaCreator (Malmö,
Sweden)

Based on PLA, manufacturer
doesn’t specify additives FB0195

G Smartfil
SMART MATERIALS 3D

(Alcalá la Real
(Jaén), Spain)

PLA with silver nanoparticles 129417002085

H Tarfuse® PLA AM
Grupa Azoty S.A.
(Tarnów, Polska)

Based on PLA, manufacturer
doesn’t specify additives N/S *

I Antibacterial PLA XYZ Printing Inc. (New
Taipei City, Taiwan) PLA with silver additives RFPLK-FPE-B6W-TH-

92K-0364

* manufacturer does not specify identification number.

2.2. Sample Manufacturing

The samples were manufactured with Fused Filament Fabrication technology. Prusa i3
MK3S+ (Prusa Research a.s, Prague, Czech Republic) device with a 0.4-mm nozzle diameter
was used. The manufacturing process was prepared in PrusaSlicer 2.3.0 (Prusa Research
a.s, Prague, Czech Republic) consisting of 30 cylindrical biosamples (ø10 mm × 2 mm) and
a single specimen dedicated for 2D digital radiography analysis (2 mm × 10 mm × 2 mm).
Each material was processed separately using temperature experimentally selected from
the range given by the materials’ manufacturer. The process parameters, along with
temperature settings, are presented in Table 2.

Table 2. Non-variable manufacturing process parameters and material specific parameters.

Process Parameters

Layer
Thickness (mm) Infill (%) Cooling Fan

Speed (%)
Perimeter

Speed (mm/s
Infill Speed

(mm/s)

0.2 100 100 45 80

Material Specific Process Parameters

Material Name Printhead Temperature (◦C) Bed Temperature (◦C)

A 210 50
B 210 55
C 200 60
D 210 60
E 200 60
F 210 50
G 220 60
H 220 60
I 205 50

The process parameters were selected based on typical values for PLA material and the recommendations of the
manufacturers of individual materials.

2.3. 2D Digital Radiography

The test samples, a piece of filament (ø1.75 mm × 35 mm) and 3D printed (FFF)
specimen (2 mm × 10 mm × 2 mm) were analyzed using the digital radiography technique,
which allows for a non-destructive qualitative assessment of the internal features of the
tested objects. Furthermore, it is a tool for quick and therefore cost and time-efficient
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verification of samples [23,24]. For this purpose, a 300-kV microfocus X-ray tube and a
high-contrast digital flat panel detector GE DXR250 (GE Sensing & Inspection Technologies
GmbH, Wunstorf, Germany) was used. X-rays were taken using constant and repeatable
parameters for all analyzed filaments: voltage of 70 kV, current of 90 µA, the integration
time of 1000 ms, and a magnification of 130×. Additionally, the detector was calibrated
before each measurement to avoid image distortion caused by constant pattern noise
caused by differences in detector components and electronics.

2.4. Scanning Electron Microscopy (SEM) Analysis

In order to determine the presence of additives in the filament, the cross-sections of
all filaments were performed. The samples (ø1.75 mm × 35 mm) obtained in this way
were sputtered with a gold layer to obtain a conductive layer enabling better imaging.
Then, they were examined using a scanning electron microscopy (SEM) Sigma VP 500
microscope (Zeiss, Oberkochen, Germany) in HDBSD imaging mode. Point analysis was
performed using the Octane Elect EDS System detector (Ametek, Mahwah, NJ, USA), with
the acceleration voltage 20 keV and working distance WD = 8.5 mm.

2.5. Antimicrobial Properties

The assessment of the ability to colonize the surface by microorganism/potential
antimicrobial activity was carried out in the standard Tryptoc Soya Broth (Biocorp, Warsaw,
Poland) medium (System I) or in artificial saliva (AS) (System II) with the following
composition: an aqueous solution containing 2.5 g of mucin, 0.25 g of sodium chloride
in 1 L, 0.2 g of calcium chloride; 2 g of yeast extract, 5 g of peptone, and 1.35 mL of 40%
urea [25]. After introducing the ingredients and mixing, the artificial saliva was adjusted
to a pH of 6. The microbiological tests against the Gram-positive S. aureus ATCC 6538,
non-toxicogenic strain C. difficile BAA 1801 and Gram-negative P. aeruginosa ATCC 15442
bacteria, were performed using:

(1) a standard method to assess the level of biofilm formation using the non-specific
ability of crystal violet to bind to bacterial biomass [26];

(2) a method using the reduction of colorless tetrazolium chloride to red formazan
crystals in the presence of the living, metabolically active microorganisms [27];

(3) quantitative cultures in an anaerobic atmosphere [28].

Research using techniques (1) and (2) was carried out for S. aureus and P. aeruginosa;
technique (3) was used towards C. difficile. As a control surface, polypropylene (PP)
specimens with a diameter of 10 mm and a height of 1 mm were used for cell culture tests;
(1) and (2) were performed in 6 replications; tests (2) were performed in triplicate. The
reduction of bacterial cells grown on the test surfaces compared to the cells grown on the
control surfaces was calculated using the following Equation (1):

100% −
(

absorbance de f ined f or analysed samples
absorbance de f ined f or control samples

)
× 100 (1)

Or, in case of quantitative culturing, according the following Equation (2):

100% −
(

number o f colony − f orming units de f ined f or analysed samples
number o f colony − f orming units de f ined f or control samples

)
× 100 (2)

3. Results and Discussion
3.1. 2D Digital Radiography

Images obtained with the radiographic method for filaments and additively produced
samples are compiled in Table 3. Images obtained in the radiography technique are in
grayscale, corresponding to the density of the scanned material. Therefore, the background
and voids are seen as relatively bright areas, while the higher density areas are seen
as darker in the grayscale. It can be observed that the filaments do not show visible
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internal voids. The inclusions of materials of higher density than polymer matrix are
recorded instead. These fillers are expected to improve the antimicrobial properties of
tested materials. In addition, most of the materials show a characteristic content of additives
with an even distribution over the verified height. The exceptions are A and D filaments,
which, as revealed by image analysis, did not show the content of an additive with a
higher density than the base material. This may suggest using a dispersion filling that
does not allow registering the footprint of antibacterial additives at a given resolution or
suggesting an uneven additive distribution over the entire mass of the filament spool. The
samples produced in the FFF technology from the tested filaments show similar results. In
addition to additives and their unequal distribution, the produced samples show defects
and discontinuities due to the disconnection of the layers during the FFF process. Despite
the use of the same process parameters, the dedicated printhead temperatures and bed
temperatures of the sample differ from each other. This behavior can be explained by
differences in melt flow rate for a given material in a selected processing temperature. The
worst filling effect was obtained for A, B, and I.

Table 3. Results of 2D digital radiography of filaments and samples manufactured additively.

Material Name RTG of Filament RTG of FFF Sample

A
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The backscattered electrons (BSE) imaging mode enabled contrast imaging of the dif-
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in the SEM images on the cross-section of samples of A, B, and D. Areas with a different 
density than the matrix were observed in the highest manner in samples E and G. Material 
I was characterized by high porosity (black areas) and the presence of metallic additives. 
On the other hand, a small concentration of the metallic additives was observed for mate-
rials C, F, and H. 

It should be emphasized that in the case of SEM–BSE, the bright particles corre-
sponded to the material of a higher density (ρPLA = 1.25 g/cm3, ρAg = 10.49 g/cm3, and ρCu = 
8.96 g/cm3). Only 5 out of 11 tested filaments had a specific metallic additive—copper or 
silver. In the remaining six cases, the manufacturers did not specify what material the 
antibacterial additives are. Therefore, it was decided to carry out a point analysis of the 
places indicated by the arrows. Due to the availability of additive (J) used in E-material 
used by the manufacturer, it was decided to present the SEM–EDS analysis of this addi-
tive.  
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The backscattered electrons (BSE) imaging mode enabled contrast imaging of the
difference in material density. Results are presented in Figure 1. No additions were
observed in the SEM images on the cross-section of samples of A, B, and D. Areas with a
different density than the matrix were observed in the highest manner in samples E and G.
Material I was characterized by high porosity (black areas) and the presence of metallic
additives. On the other hand, a small concentration of the metallic additives was observed
for materials C, F, and H.

It should be emphasized that in the case of SEM–BSE, the bright particles corre-
sponded to the material of a higher density (ρPLA = 1.25 g/cm3, ρAg = 10.49 g/cm3, and
ρCu = 8.96 g/cm3). Only 5 out of 11 tested filaments had a specific metallic additive—
copper or silver. In the remaining six cases, the manufacturers did not specify what
material the antibacterial additives are. Therefore, it was decided to carry out a point
analysis of the places indicated by the arrows. Due to the availability of additive (J) used in
E-material used by the manufacturer, it was decided to present the SEM–EDS analysis of
this additive.
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Literature indicates that such nano additives as Ag, Cu, ZnO, TiO2, MgO, or SiO2
are successfully used as antimicrobial components against popular species of bacteria, in
particular S. aureus and E. coli [16]. Moreover, it is popular to use mixtures consisting of
ceramics—Al2O3 or SiO2 in combination e.g., with silver nanoparticles [18,19]. According
to the manufacturer’s declaration, the SEM–EDS analyses confirmed that the G-material
contains Ag, and the material C and E, respectively, contains Cu. The detailed results of
the point analysis of micro-areas with different phase contrast presented in Figure 1 are
presented below (Table 4).

Table 4. Results of SEM–EDS analysis—the presence of specific elements in analyzed micro-areas of filaments.

Material
Name

Elements

C O Al Si Ag Ca Cu P Mg Na Ti Cl

A 66.55 ±
16.25

19.3 ±
9.8

0.45±
0.05

6.35 ±
5.55 - 6.70 ±

0.01 - - 0.50 ±
0.01

1.10 ±
0.01

6.50±
0.01 -

B 88.37 ±
5.76

5.40 ±
1.49

0.30 ±
0.20

0.70 ±
0.16 - - - - 0.10 ±

0.01
0.15±
0.05

1.10 ±
0.20

13.20 ±
0.10

C 90.50 ±
0.92

7.73 ±
0.75 - 0.60 ±

0.01 - 1.50 ±
0.01

0.10 ±
0.01

1.10 ±
0.01

0.40 ±
0.01 - - -

D 91.50 ±
1.28

7.37 ±
1.22

0.30 ±
0.08

0.67 ±
0.24 - - - - 0.25 ±

0.05
0.20 ±

0.01 - -

E 90.03 ±
1.27

7.97 ±
0.73

0.90 ±
0.22

0.83 ±
0.17 - - 0.50 ±

0.10 - - - - -

F 91.43 ±
1.47

6.73 ±
0.90

0.43 ±
0.05

0.40 ±
0.08 - - - - 0.30 ±

0.10
0.40 ±

0.01
2.10 ±

0.01 -

G 76.17 ±
9.38

9.10 ±
0.21

1.16 ±
0.24

4.36 ±
2.64

0.03 ±
0.05

9.13 ±
10.9 - - - - - -

H 88.17 ±
6.41

6.70 ±
0.22

2.60 ±
3.18

2.53 ±
2.95 - - 0.10 ±

0.01 - - - - -

I 86.64 ±
4.52

10.60
± 3.29

0.40 ±
0.22

0.80 ±
0.36 - - - - 1.20 ±

0.54
1.20 ±

0.01 - -

J 3.52 ±
0.68

29.17
± 3.50

3.74 ±
0.23

2.56 ±
0.11 - - 57.65 ±

1.58 - - - - 4.33 ±
0.23

All analyzed materials, due to the declared presence of nano additives or other metallic
additives, which are usually dispersed in the ceramic support, contain Al, Si, and O, which
leads to the reflection that these elements form silica or alumina compounds. Moreover, in
the case of materials B, D, and F, the presence of Mg was found, which can form the MgO
compound of antibacterial properties according to the relevant literature data [29]. The
attention should be paid to the Ti present in the A, B, D, F, and I materials. Apart from the
antibacterial properties of the TiO2 compound [30], its presence may also be dictated by
the role of the dye in these filaments. Among the analyzed materials, the filament from E
and H manufacturers is characterized by the highest purity, i.e., the absence of any other
chemical elements than Cu.

3.3. Microbiological Properties of Tested Materials

The biological tests had shown that when standard microbial TSB medium (which
conditioned the surface of analyzed materials) was applied, in specific cases, the higher
colonization of bacteria was observed on analyzed than on control samples, devoid of
antimicrobial additive (Figure 2). Especially in the case when P. aeruginosa was scrutinized,
there was no significant decrease in bacterial colonization on the surfaces, particularly
when the XYZ Printing material was applied. In turn, the bacterial survival rate ranged
between 90 and 95% indicated that such materials as G, B, D, A, or E do not show significant
antimicrobial activity within the experimental setting used. The most significant reduction
of bacterial cells was observed for S. aureus regardless type of surface applied. The level
of bacterial survival ranged from about 40% for G material to 63% for F material. In the
case of C. difficile, the survival rate of bacterial cells for most materials was ca. 60 to 80%.
When the second system (based on artificial saliva) was used (Figure 3), a similar trend in
the behavior of bacterial cells was observed.
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In the case of P. aeruginosa, incubated in the medium-I, the growth of bacterial cells was
higher than in the control setting. The most extraordinary stimulation was observed for G,
E, and I material, where the number of bacteria compared to the control was over 100%.
An insignificant decrease of cell number (5–20%) for F, A, D or C, and H was observed. A

314



Polymers 2021, 13, 4337

higher decrease of S. aureus cell number (in comparison with P. aeruginosa) was detected
(30–60%) for the aforementioned materials. In turn, C. difficile displayed differentiated
susceptibility to applied materials (5–60% reduction rate, dependent on surface, Figure 3).
The highest reduction for species above was recorded towards A-material (60%).

Thus, the obtained results (Figures 2 and 3) show that not all tested materials after
processing in FFF technology display the expected antimicrobial properties declared by the
materials’ manufacturers.

Confronting the obtained results with the data provided by the manufacturers, it
can be observed that the producers mainly rely on the ISO 22196 method for testing
the antimicrobial activity of plastics. According to the mentioned standard, research is
conducted against E. coli and S. aureus usually in a long, 24-h contact time (Table 5).

Table 5. A study based on the manufacturers’ report on the antimicrobial activity of filaments. Letters
A–I: specific type of material analyzed.

Material Name Producer Report According to Antimicrobial Activity

A N/A

B N/A

C
Method based on ISO 22196.
Effectiveness on E. coli ATCC 8739 after 8 h—99.97181%
Effectiveness on E. coli ATCC 8739 after 24 h—99.98909%

D N/A

E Effectiveness on S. aureus MRSA after 8 h >98%; after 24 h > 99.99%
Effectiveness on E. coli DH5 after 8 h > 98% after 24 h > 99.99%.

F
Method based on ISO 22196.
Effectiveness on S. aureus after 24 h 99.59%
Effectiveness on E. coli DH5 after 24 h 88.43%

G
Method based on JIS Z 2801 (ISO 22196).
Effectiveness on S. aureus CECT 240, ATCC 6538 P after 24 h—99.99%
Effectiveness on E. coli CECT 516, ATCC 8739 after 24 h—99.99%

H

The antibacterial additives used in the H filament are approved for
marketing in the European Union—they comply with the European
Regulation on biocidal products (BPR, Regulation (EU) 528/2012 and
with the requirements of the American Environmental Protection
Agency—Antimicrobial Division of the Environmental Protection
Agency (EPA).The antibacterial additives used are included in the list of
chemical compounds approved by OEKO-TEX.

I N/A

These tests, however, do not reflect the real conditions faced by PLA materials, which
are exposed to the recurring heavy burden of plethora of various nosocomial pathogens to
which P. aeruginosa and C. difficile also belong. Moreover, there are important etiological
factors of a wide spectrum of disease entities, including infections of respiratory, alimentary,
urinary tract and skin, soft tissue, bones, and gut [31–34]. It is noteworthy that the 24-h
contact time (period of exposure of microbes to additives included to surface of material)
seems to be rather irrelevant concerning the potential application (face masks, door openers)
of PLA materials in a hospital setting due to the frequency of real use of the PLA-finished
products is decisively higher. Rather than searching for implementation in shared space
equipment and public areas, emphasis should be put on parts used during the provision of
hospital care or by a single patient. The approach represented in this manuscript, which
is not only based on the guidance given by the standard, has also been implemented
by Thavomyutikarn et al. [35]. These studies are based only on Gram-positive bacteria—
S. aureus, S. epidermidis, and B. subtilis.
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Interestingly, Maróti et al. [36] dealt with the problem of PLA processing and the
analysis of the antibacterial effect on these materials, using the following bacterial species:
Micrococcus luteus—Sarcina, Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and
Pseudomonas aeruginosa. This approach confirms that it is also worth analyzing other
bacterial species that constitute the skin bacterial microbiota and those that cause severe
respiratory and urinary tract infections. The approach is consistent with the standard
for the analysis of PLA material and was represented by other research groups, Mania
et al. [37] and León-Cabezas et al. [38], which, following the guidelines, analyzed the
antimicrobial response using bacterial E. coli and S. aureus species. FFF technology can also
influence the filler distribution in terms of antimicrobial properties, which may affect its
final properties. Unfortunately, materials’ manufacturers do not always provide complete
information about the conducted microbial test. Thus, there is no certainty if tests were
performed on raw feedstock material (filament) or manufactured samples.

The other common issue is not providing the chemical composition of materials by
manufacturers. It is understandable from the “know-how” perspective; however, it also
significantly decreases the possibility of deducing how the given materials may work or
be applied in the specific, actual clinical situation. We are convinced that in the pandemic
period, the basic chemical composition should be revealed for the sake of customers.
Another issue is a lack of a common standard for the antimicrobial tests of polymer
samples. For example, certain manufacturers in materials datasheets present results of such
testing after 8 h. The others show datasets and changes for measurements for 6, 8, and 24 h.
The lack of clearly defined rules makes assessing the antibacterial effectiveness between
individual filament samples impossible or significantly challenging. Particular attention
should be paid to the time intervals between subsequent disinfection due to the use of such
materials in the hospital practice. For example, as dedicated material for door openers,
during the coronavirus pandemic, hospitals point out the problem of the disinfection of
basically all places that can be touched by hospital staff, patients, or visitors. Therefore,
the question that should be addressed and answered is how effectively the antimicrobial
additives act within shorter times; the results of our case study indicate that their activity
within such contact time is rather scanty. We are aware that extrapolation of data shown in
this study in actual clinical settings should be taken with precaution. Further experiments
(shorter contact times, higher number of strains scrutinized) should be performed to
verify our discovery’s importance. Nevertheless, we are convinced that our article may be
considered an essential step in applying PLA products of high antibacterial activity.

4. Conclusions

The approach includes tests that exceeded the test scope dictated by the standards
and significantly expanded state of the art regarding antimicrobial commercial polymer
materials used in FFF printing. Due to the COVID-19 pandemic, the demand on antimicro-
bial surfaces is needed. Not all commercially available surfaces declared as “antibacterial”
in our study meet the actual clinical requirements concerning their antimicrobial activity.
Higher availability of data on materials’ composition and testing details should be provided
during a pandemic crisis. 3D printing technologies enable the use of antibacterial materials
and a quick response to immediate prototyping of elements for hospitals and other public
utilities in the crisis caused by COVID-19. Activities should focus on the development of
antibacterial materials used in FFFs, which can be successfully used in low-volume and
specialized production. Commercial research performed by laboratories focuses on ad hoc
material analysis. However, an essential factor is the process of additive processing itself,
which is often overlooked in such analyses.

The development of commercially available antimicrobial polymers for additive
manufacturing has enabled the prototyping of a wide variety of critical medical devices
by many printers worldwide. Although the materials used were to be antibacterial, in
most cases, these polymers do not meet the expectations and criteria that should be set
for hospital use. Therefore, for commercial use in the specific hospital environments and
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other peri-medical applications, these materials should undergo a series of other tests on
dedicated demonstrators.
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36. Maróti, P.; Kocsis, B.; Ferencz, A.; Nyitrai, M.; Lőrinczy, D. Differential thermal analysis of the antibacterial effect of PLA-based
materials planned for 3D printing. J. Therm. Anal. Calorim. 2020, 139, 367–374. [CrossRef]

37. Mania, S.; Ryl, J.; Jinn, J.R.; Wang, Y.J.; Michałowska, A.; Tylingo, R. The Production Possibility of the Antimicrobial Filaments
by Co-Extrusion of the PLA Pellet with Chitosan Powder for FDM 3D Printing Technology. Polymer 2019, 11, 1893. [CrossRef]
[PubMed]

38. León-Cabezas, M.A.; Martínez-García, A.; Varela-Gandía, F.J. Innovative functionalized monofilaments for 3D printing using
fused deposition modeling for the toy industry. Procedia Manuf. 2017, 13, 738–745. [CrossRef]

318



polymers

Article

Modeling of the Influence of Input AM Parameters on
Dimensional Error and Form Errors in PLA Parts Printed
with FFF Technology

Carmelo J. Luis-Pérez 1, Irene Buj-Corral 2,* and Xavier Sánchez-Casas 2

Citation: Luis-Pérez, C.J.; Buj-Corral,

I.; Sánchez-Casas, X. Modeling of the

Influence of Input AM Parameters on

Dimensional Error and Form Errors

in PLA Parts Printed with FFF

Technology. Polymers 2021, 13, 4152.

https://doi.org/10.3390/polym13234152

Academic Editors: José Miguel Ferri,

Vicent Fombuena Borràs and Miguel

Fernando Aldás Carrasco

Received: 15 October 2021

Accepted: 24 November 2021

Published: 27 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 Engineering Department, Arrosadia Campus, Public University of Navarre (UPNA), 31006 Pamplona, Spain;
cluis.perez@unavarra.es

2 Department of Mechanical Engineering, Barcelona School of Engineering (ETSEIB),
Universitat Politècnica de Catalunya-Barcelona Tech (UPC), 08028 Barcelona, Spain; xasc95@gmail.com

* Correspondence: irene.buj@upc.edu; Tel.: +34-93-4054015

Abstract: As is widely known, additive manufacturing (AM) allows very complex parts to be
manufactured with porous structures at a relatively low cost and in relatively low manufacturing
times. However, it is necessary to determine in a precise way the input values that allow better results
to be obtained in terms of microgeometry, form errors, and dimensional error. In an earlier work,
the influence of the process parameters on surface roughness obtained in fused filament fabrication
(FFF) processes was analyzed. This present study focuses on form errors as well as on dimensional
error of hemispherical cups, with a similar shape to that of the acetabular cup of hip prostheses.
The specimens were 3D printed in polylactic acid (PLA). Process variables are nozzle diameter,
temperature, layer height, print speed, and extrusion multiplier. Their influence on roundness,
concentricity, and dimensional error is considered. To do this, adaptive neuro-fuzzy inference systems
(ANFIS) models were used. It was observed that dimensional error, roundness, and concentricity
depend mainly on the nozzle diameter and on layer height. Moreover, high nozzle diameter of
0.6 mm and high layer height of 0.3 mm are not recommended. A desirability function was employed
along with the ANFIS models in order to determine the optimal manufacturing conditions. The main
aim of the multi-objective optimization study was to minimize average surface roughness (Ra) and
roundness, while dimensional error was kept within the interval |Dimensional Error| ≤ 0.01. When
the simultaneous optimization of both the internal and the external surface of the parts is performed,
it is recommended that a nozzle diameter of 0.4 mm be used, to have a temperature of 197 ◦C, a layer
height of 0.1 mm, a print speed of 42 mm/s, and extrusion multiplier of 94.8%. This study will help
to determine the influence of the process parameters on the quality of the manufactured parts.

Keywords: additive manufacturing; surface roughness; FFF; ANFIS; modeling; desirability

1. Introduction

Extrusion printing processes such as fused filament fabrication (FFF) allow printing
parts with complex shapes without high costs if low-cost machines are employed. However,
surface finish, form error, and dimensional quality of the printed parts are not excellent [1,2].
Additive manufacturing (AM) processes have been widely used in different sectors such
as the automotive, electronics, and medical sectors. In the latter case, AM has been used
to manufacture, among others, surgical guides, phantoms, implants, etc. [3]. Specifically,
prostheses require a smooth surface in those areas which will be in contact with sliding
elements. They also require low form errors, so that they are as similar as possible to the
original bone. For example, it is important to have a low concentricity error in order to
ensure a good fit between the different elements and good operation of the prosthesis.
As for dimensional error, in the specific case of hip arthroplasty, in order to reduce costs,
standardized prostheses of different sizes are currently used that suppliers offer on the
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basis of anthropomorphic data and market needs. However, in those patients who exceed
the standard ranges, between two sizes or with special requirements due to diseases or
genetic problems, the surgical process becomes much more complex and expensive [4].

The effect of FFF printing parameters on dimensional error and on form errors of
printed parts has been previously studied in the literature. For example, Rahman et al. [5]
studied the dimensional deviations in X, Y, and Z of acrylonitrile–butadiene–styrene (ABS)
printed parts. They recommend low bed temperature, low nozzle temperature, high print
speed, medium infill, low layer thickness, and a low number of shells in order to reduce
dimensional error. Ceretti et al. [6] 3D printed polycaprolactone (PCL) parts with rectilinear
grid structure. They observed that the nominal size of pores was the most influential
parameter on the extruded diameter of the filament, while the head type greatly influenced
the resulting height of the pores. Nancharaiah et al. [7] found that small thickness layer
and large bead width improve part accuracy. Raster angle showed a slight effect on
part accuracy. In ABS parts, Pennington et al. [8] found that the most influential factors
on dimensional accuracy were part size, the location of the part in the work envelope,
and the envelope temperature. Garg et al. [1] showed that the dimensional accuracy of
ABS parts did not vary significantly when they were submitted to cold vapor treatment.
Akbaş et al. [9] observed higher dimensional accuracy in polylactic acid (PLA) than in
acrylonitrile butadiene styrene (ABS) printed parts. As a general trend, for PLA, the strip
width increased with increasing temperature and decreased with increased feed rate.

Regarding form errors of 3D printed parts, Maurya et al. [10] studied the effect of infill
pattern, layer thickness, build orientation, and infill density on flatness and cylindricity
of 3D printed components. The most appropriate printing conditions were found to
be layer thickness 100 µm, linear infill pattern, 45◦ orientation, and 20% infill density.
Knoop et al. [11] investigated the cylindricity of inner and outer cylinders, with different
diameters between 3 and 80 mm. They observed better roundness in the XY-plane than in
the Z direction. Highest mean roundness values up to 0.27 mm were reported for holes
and up to 0.32 mm for cylinders, corresponding to highest diameter of 80 mm. Saqib
and Urbanic [12] evaluated flatness, perpendicularity, and cylindricity of cope and drag
casting elements. They observed that the shape of the parts had a greater influence on
their form errors than the printing parameters. Ollison and Beriso [13] studied the effect of
build orientation, diameter, and printhead life on cylindricity of 3D printed parts. Build
orientation was the most influential parameter, a 90◦ angle having the highest cylindricity
error (part rotated 90◦ about the X axis). Paul and Anand [14] proposed a voxel-based
approach to optimize the flatness and cylindricity of parts, while reducing the utilization
of support materials. Spindola Filho et al. [15] found cylindricity values up to 0.140 mm
being higher on the external surface than on the internal surface of cylindrical shapes.

As for concentricity, Boejang et al. reported different values in FDM processes, depend-
ing on the machine employed, ranging between 0.1622 and 0.5784 mm [16]. Concentricity
values up to 0.2229 mm were obtained by Abdelrhman [17]. Spindola Filho et al. [15] found
concentricity values up to 0.090 mm, being print speed the most influential factor.

In addition, dealing with the application of artificial neural networks (ANN) and
adaptive neuro-fuzzy inference systems (ANFIS) for modelling manufacturing processes,
several studies can be found in the literature. However, the application of these soft
computing techniques for modelling input parameters in additive manufacturing process
has been employed to a lesser extent. Among the recent published studies, it is worth
mentioning that of Deswal et al. [18] where response surface methods and ANNs are
employed for optimization of input process parameter in order to improve the precision
of FFF 3D printed parts. Likewise, Noriega et al. [19] employed an ANN for improving
the accuracy of FDM parts. The ANN was used to determine the optimal dimensional
values for the CAD model. In another study Padhi et al. [20] employed a Mamdani Fuzzy
Inference Systems (FIS) along with the Taguchi method to optimize the extrusion process
for the manufacturing of acrylonitrile-butadiene-styrene (ABSP 400) parts. In the study
from Peng et al. [21] the authors employed response surface method combined with FIS
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and genetic algorithm (GA) in order to predict dimensional errors, warp deformation, and
build time in FFF.

Some other properties dealing with FFF additive manufacturing technique, have
also been studied in recent years. For example, it is worth mentioning the study of
Nasiri et al. [22] where a review of applications of machine learning to predict mechanical
behavior of 3D printed parts is presented or that of Trivedi et al. [23], where tensile strength
is predicted by using Taguchi design of experiments and fuzzy logic. On the other hand, in
the study of Rajpurohit et al. [24], an ANFIS is used to predict the tensile strength of FFF
printed parts. An ANFIS model is also employed to predict surface roughness, build time,
and compressive strength with respect to changes in FFF in Sai et al. [25].

Further examples of the application of fuzzy logic can be found in the study from Xia
et al. [26] where surface roughness obtained in wire arc additive manufacturing is predicted
by using an ANFIS, that of Sahu et al. [27] where a Mamdani FIS combined with Taguchi
method is employed to improve the dimensional accuracy of FFF ABSP 400 parts, and that
of Saleh et al. [28] where building orientation, layer thickness, and slurry impact angle are
used as input variables in an ANFIS for modelling the effect of slurry impacts on polylactic
acid processed by fused deposition modeling or that of or that of Mensah et al. [29] where
an ANFIS in employed for flammability parameter modeling among many others.

In a previous work, hemispherical cups were 3D printed in polylactic acid (PLA), with
different printing conditions, according to a fractional factorial design. ANFIS models
were obtained for different surface roughness parameters measured on hemispherical
surfaces that are similar to those of the acetabular part of hip prostheses [30]. In this present
work, dimensional error and form errors of FFF 3D printed spherical parts are addressed.
Unlike flat surfaces, 3D printed curved surfaces have hardly been studied in the literature
regarding dimensional and form errors. When manufacturing a customized prosthesis (for
example, to replace the acetabulum), it is important to ensure dimensional accuracy. In
addition, form errors such as roundness or concentricity should be reduced in order to
ensure the correct performance of the hip joint. ANFIS models are applied to dimensional
error and roundness error (measured both on the internal and on the external surface
of the parts), as well as to concentricity between both spherical surfaces. Moreover, the
methodology and the desirability function proposed by Luis-Pérez [31] is used in this
present study to obtain the optimal values of the manufacturing conditions in order to
simultaneously minimize the roundness and the average surface roughness and at the same
time keeping the dimensional error within a specified tolerance. The results of this work
will help to select appropriate 3D printing conditions when obtaining curved surfaces.

2. Materials and Methods

In this section, the process that was used to manufacture the parts is explained, as
well as the measurement and analysis methodology that were employed.

2.1. Printing Process

The samples were printed with a Sigma R19 printer from BCN3D Technologies (Gavà,
Spain), with white polylactic acid (PLA) filament of 2.85 mm diameter, from BCN3D
Technologies. The samples have the shape of hemispherical cups, which are similar to the
prostheses that are used to replace the acetabula in hip prostheses. Internal dimeter of
32 mm and external diameter of 50 mm were selected, which are common dimensions of
prostheses [32] (Figure 1 shows).
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Figure 1. Shape and dimensions of the specimens.

The hemispherical cups were printed in a Sigma R19 machine from BCN3D as shown
in Figure 2, with infill value of 20% and shell thickness of 1.2 mm. Printing bed temperature
was 65 ◦C. Printing supports were required, in PLA material. Further details of the printing
process are provided in a previous work [30].

Figure 2. Sigma R19 from BCN3D.

The experiments were defined according to a fractional factorial design 25-1, with
5 variables and 2 levels. Selected variables are as follows [30]: Nozzle diameter (ND)
between 0.4 and 0.6 mm, temperature (T) between 195 and 205 ◦C, layer height (LH) be-
tween 0.1 and 0.3 mm, print speed (PS) between 30 and 50 mm/s, and extrusion multiplier
between 93 and 97%.

The selected responses are shown in Table 1. Both roundness and concentricity are
defined in the UNE-EN-ISO 1101:2017 standard [33].

Table 1. Outputs.

Outputs (Int/Ext)

Dimensional error Roundness Concentricity
(Dim Err, mm) (Rnd, mm) (Con, mm)

2.2. Determination of the Dimensional Error

Dimensional error was measured with a Mitutoyo Quick Vision Ace Equipment. Both
the external and the internal diameter of the hemispherical cups were measured, on the
base of the hemispherical cups as shown in Figure 3. The specimens were placed on a 3D
printed support.
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Figure 3. Measurement process of dimensional error.

The equipment shown in Figure 3 has a platform on which the support and the part
are placed, as well as a head with a lens with 2X magnification. The software allows a
digitally magnified and focused image of the part’s surface to be obtained. The platform
moves along the XY plane, and its displacement is measured. In order to determine
the dimensional error, first the platform is moved so that by clicking on the image six
points are obtained along each circumference (external or internal). Then, the software
uses these six points to calculate the diameter and the location of the center point of the
measured circumference.

Dimensional error is then calculated as the difference between the measured value
and the theoretical nominal value of a certain dimension. For this reason, in this case
dimensional error takes positive values when the measured diameter is higher than the
nominal diameter (and it takes negative values when the measured diameter is lower than
the nominal diameter).

2.3. Determinación of Roundness

Roundness tolerance measures how far a measured circumference is from an ideal
circumference and, according to ISO 1101 standard [33], it is defined as the distance between
two ideal circumferences (inscribed and circumscribed of the measured circumference)
which are defined on a perpendicular plane to the measured circumference. Roundness
was determined with a Taylor Hobson Talyrond 252 measuring machine (as shown in
Figure 4). This machine has a spherical point with 16 nm resolution, which can measure
roundness errors below 1 µm. It only moves along the Z axis, with high precision, while
the part, which is located on a circular platform, rotates. It was necessary to design two
different 3D print supports, to fix the parts to the platform of the machine, in order to
measure roundness of the internal and of the external surface of the parts, respectively.
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Figure 4. Measurement process of roundness on: (a) the internal surface, (b) the external surface.

2.4. Determination of the Concentricity

According to ISO 1101 standard [33], concentricity is defined as the difference between
the measured center of a certain measured circumference and a theoretical reference
center. In this case, the center of a circumference measured on the internal surface of the
hemispherical cups is taken as the reference center, from which concentricity is defined.
Concentricity was determined from the data of the position of the circumferences’ centers
that were measured with the Mitutoyo Quick Vision Equipment in order to obtain the
dimensional error (see Section 2.2).

2.5. ANFIS Modellin

A zero-order Sugeno FIS is employed by using the Fuzzy Logic Toolbox™ of
MatlabTM2020a (Natick, MA, USA) [34] where Gaussian membership functions were
employed for fuzzification of the independent variables. Likewise, Equation (1) shows the
product implication method and Equation (2) shows the output of the Sugeno system [34–36].

λj(x) = AndMethod{µ1(x1), . . . , µn(xn)} (1)

{Output} =
∑

Number o f rules
j=1 λj × zj

∑
Number o f rules
j=1 λj

(2)

where the parameters analyzed in this present study are the dimensional error, the round-
ness error, and the concentricity, which have been defined in the previous section.

3. Results and Discussion

This section shows the results obtained when applying the ANFIS for modelling the
above-mentioned dimensional parameters. As previously mentioned, the form errors of
the manufactured parts were measured inside and outside of the hemispherical cups made
of PLA material that were printed using FFF technology. Table 2 presents the form error
results for both the internal and the external surfaces of the specimens.
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Table 2. Form errors (dimensional error, roundness) and concentricity.

External Internal Concentricity

Exp ND T LH PS EM
Dim Err Rnd Dim Err Rnd Con

(mm) (mm) (mm) (mm) (mm)

1 0.4 195 0.1 30 97 0.084 0.137 −0.161 0.086 0.098
2 0.6 195 0.1 30 93 0.135 0.153 −0.384 0.201 0.125
3 0.4 205 0.1 30 93 −0.018 0.143 −0.090 0.089 0.093
4 0.6 205 0.1 30 97 0.243 0.137 −0.229 0.165 0.051
5 0.4 195 0.3 30 93 0.153 0.153 −0.112 0.190 0.120
6 0.6 195 0.3 30 97 0.198 0.229 −0.137 0.297 0.272
7 0.4 205 0.3 30 97 0.044 0.222 0.156 0.162 0.176
8 0.6 205 0.3 30 93 0.146 0.164 −0.178 0.235 0.182
9 0.4 195 0.1 50 93 −0.210 0.141 0.217 0.137 0.083

10 0.6 195 0.1 50 97 0.057 0.149 −0.057 0.167 0.127
11 0.4 205 0.1 50 97 0.361 0.147 −0.26 0.129 0.100
12 0.6 205 0.1 50 93 0.290 0.209 −0.184 0.270 0.202
13 0.4 195 0.3 50 97 0.188 0.195 −0.187 0.163 0.158
14 0.6 195 0.3 50 93 −0.025 0.206 −0.053 0.194 0.175
15 0.4 205 0.3 50 93 0.314 0.161 −0.200 0.129 0.140
16 0.6 205 0.3 50 97 0.190 0.262 −0.153 0.214 0.190

17-1 0.5 200 0.2 40 95 0.145 0.180 −0.074 0.110 0.053
17-2 0.5 200 0.2 40 95 0.234 0.175 −0.042 0.101 0.066
17-3 0.5 200 0.2 40 95 0.113 0.155 −0.115 0.099 0.026

Most experiments show positive dimensional error on the external wall of the parts,
showing that the diameter of the printed parts is higher than the theoretical one. Conversely,
dimensional error is mainly negative in the internal wall of the parts, indicating that
diameters are smaller than expected. This suggests an excess of material in the printed parts
with respect to the original geometry of the hemispherical cups. The highest dimensional
error value of 0.314 mm was obtained on the external wall of experiment 15, corresponding
to low nozzle diameter, high temperature, high layer height, high speed and low extrusion
multiplier. Lowest dimensional error was found in experiment three, obtained with low
nozzle diameter, high temperature, low layer height, low print speed and low extrusion
multiplier. In an earlier paper, higher relative dimensional errors between 0.82% and
2.60% were reported in prismatic porous samples [37]. In this present work, lower relative
dimensional errors were obtained, ranging between 0.036% and 0.625%. This can be
attributed to the fact that, in this work, dimensional errors have been measured at the
base of the printed samples, corresponding to the first layer of the parts, which is directly
deposited on the printing bed. Thus, it is less likely to suffer deformation than other layers.
Equbal et al. [38] obtained relative error values of up to 0.300% in length, 0.628% in width,
and 3.143% in thickness in the ABS material. Spindola Filho et al. [15] found cylindricity
values up to 0.140 mm in ABS parts.

Roundness values range between 0.089 mm for experiment 3 and 0.297 mm for
experiment 6. Similar values of 0.292 mm were reported by Maurya et al. in PLA parts [39].
Sajan et al. [40] studied circularity of parts that were printed on different planes. For the
plane XY, on which the parts of the present study were printed, a maximum circularity
value of 0.401 mm is reported.

Concentricity ranges between 0.048 mm (average value for experiment 17, central
point) and 0.272 mm for experiment 6. Rupal et al. [41] obtained similar average concen-
tricity values of 0.300 mm in ABS, PLA, and magnetic-PLA parts.

3.1. Models for Dimensional Error

Figure 5 corresponds to an image of the vision machine showing the base (flat surface)
of a hemispherical sample, where both the diameter of the external and of the internal
circumference are measured, as well as the location of their center points. From the position
of the center points the concentricity error was measured.
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Figure 5. Example of an image obtained with the vision machine.

Figure 6 shows the response surfaces by using the ANFIS models for the case of the
dimensional error in the outer surface of the manufactured parts and Figure 7 shows those
obtained for the internal part of the prototypes.

Figure 6. Cont.

326



Polymers 2021, 13, 4152

Figure 6. Response surfaces of dimensional error (mm) using the ANFIS for the case of the outer layer of the manufactured
prototypes: (a) ND and T; (b) ND and LH; (c) ND and PS; (d) ND and EM; (e) T and LH; (f) T and PS; (g) T and EM; (h) LH
and PS; (i) LH and EM; and (j) PS and EM.
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Figure 7. Cont.
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Figure 7. Response surfaces of dimensional error (mm) using the ANFIS for the case of the inner layer of the manufactured
prototypes: (a) ND and T; (b) ND and LH; (c) ND and PS; (d) ND and EM; (e) T and LH; (f) T and PS; (g) T and EM; (h) LH
and PS; (i) LH and EM; and (j) PS and EM.

Figure 7 corresponds to the response surfaces for dimensional error of the inner
surfaces of the parts.

The most influential parameters on dimensional error are nozzle diameter and layer
height. This is also observed in Figure 8 (main effects plots), and in Figure 9 (interaction
effects plots).

Figure 8. Main effects plots for (a) Dimensional Errorext (mm) and (b) Dimensional Errorint (mm).

Figure 8 depicts the main effect plots for both (a) the outer and (b) the inner zones
of the manufactured prototypes. In these plots is shown the variation of each variable
between its maximum and minimum levels, when all of the other factors are held at their
average level.

As can be observed, the main parameters that affect the dimensional error are ND and
LH, where the rest of the input variables have less influence on the dimensional error. An
increase in nozzle diameter leads to an increase in dimensional error. In the outer surface of
the parts, high nozzle diameter of 0.6 mm leads to high dimensional error. The measured
diameter is higher than the theoretical one. In the inner surface of the parts, high nozzle
diameter of 0.6 mm produces high dimensional error. In this case, since dimensional error
values are negative, the measured diameter is lower than the theoretical one. This suggests
that, when high nozzle diameter is employed, there is an excess of material. Dimensional
error increases noticeably when layer height increases from 0.1 mm to 0.2 mm, but then
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decreases slightly if layer height of 0.3 mm is selected. Thus, low layer height of 0.1 mm is
recommended in order to obtain low dimensional error. These results are in accordance
with Nancharaiah et al. [7] regarding layer height. However, they recommended large bead
width in order to reduce dimensional error. Spindola Filho et al. [15] found that print speed
followed by layer height and the interaction between fill density and printing temperature
(confounded with the interaction between print speed and layer height) were the most
influential terms on dimensional error in ABS parts.

Figure 9. Inter action effects plots for (a) Dimensional Errorext (mm) and (b) Dimensional Errorint (mm).

Figure 9 shows the interaction effects plot for the case of the dimensional error in both
the outer and the inner zones of the prototypes.

As Figure 9a shows, in order to reduce the dimensional error, on the external surface,
ND should be kept at its lowest level and at the same time T, LH, PS and EM should be kept
at their minimum levels. On the other hand, the interaction between T and LH suggests
that for low temperature values, LH should be at its minimum value to minimize the
dimensional error. With regard to LH and EM, LH should be kept at its minimum level and
the same is applicable to EM. In the case of Figure 9b, dimensional errors inside are mostly
negative, since the measured diameter is lower than the nominal (theoretical) diameter.
In this case, it is still interesting to keep ND at its lowest value and for T and EM to be
at the minimum values. It does not matter that LH or PS are at minimum or maximum
values while ND remains at its lowest level. In the case of the T-LH interaction, T should be
kept at its minimum value. The effect of LH while ND is kept at the minimum value is not
significant. However, if ND rises, LH should be at the maximum level, in order to minimize
the dimensional error inside the manufactured parts. In the case of the interaction between
LH and PS, for low LH values, it is interesting to keep PS at high values. On the other
hand, for high LH values PS should be kept at low values. The rest of the interactions has
less influence.

3.2. Models for Concentricity

Figure 10 shows the response surface for the case of the concentricity.
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Figure 10. Cont.
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Figure 10. Surface response of concentricity (mm) using the ANFIS for the case of the manufactured prototypes: (a) ND and
T; (b) ND and LH; (c) ND and PS; (d) ND and EM; (e) T and LH; (f) T and PS; (g) T and EM; (h) LH and PS; (i) LH and EM;
and (j) PS and EM.

As can be observed, the parameters that have the most effect are LH and ND. Con-
versely, Spindola Filho et al. [15] found that most influential parameter on concentricity
was print speed. However, they did not vary the nozzle diameter and they employed
higher layer height values between 0.2 and 0.4 mm.

Finally, Figure 11 shows both the main and the interaction effects plot for the input
variables under study.

Figure 11. (a) Main effects plots and (b) interaction effects plots for Concentricity.

Lowest concentricity error is obtained when medium nozzle diameter of 0.5 mm and
medium layer height of 0.2 mm are selected. However, those conditions provide highest
dimensional error (see Figure 8).

It may be noted that the interaction between variables is less than that obtained in the
case of the dimensional error.

3.3. Models for Roundness Errors

Figures 12 and 13 show the response surfaces for the case of the roundness by using
the ANFIS models, in the outer and inner areas, respectively.

332



Polymers 2021, 13, 4152

Figure 12. Cont.
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Figure 12. Response surfaces of roundness (mm) using the ANFIS for the case of the outer layer of the manufactured
prototypes: (a) ND and T; (b) ND and LH; (c) ND and PS; (d) ND and EM; (e) T and LH; (f) T and PS; (g) T and EM; (h) LH
and PS; (i) LH and EM; and (j) PS and EM.

The information included in Figures 12 and 13 is explained in more detail in
Figures 14 and 15. Figure 14 shows the main effect plots for the case of the roundness on
both surfaces.

Figure 13. Cont.
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Figure 13. Surface response of roundness (mm) using the ANFIS for the case of the inner layer of the manufactured
prototypes: (a) ND and T; (b) ND and LH; (c) ND and PS; (d) ND and EM; (e) T and LH; (f) T and PS; (g) T and EM; (h) LH
and PS; (i) LH and EM; and (j) PS and EM.
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Figure 14. Main effects plots for (a) Roundness ext (mm) and (b) Roundnessint (mm).

Figure 15. Interaction effects plots for (a) Roundness ext (mm) and (b) Roundnessint (mm).

It may be seen that the parameters that most affect roundness are LH and ND. Round-
ness error decreases slightly when nozzle diameter increases from 0.4 to 0.5 mm but
increases noticeably when nozzle diameter of 0.6 mm is selected. Highest roundness
error is found when layer height of 0.3 mm is selected. To sum up, high layer height of
0.3 mm and high nozzle diameter of 0.6 mm are not recommended, since they provide
high roughness error, high concentricity error and high dimensional error. Accordingly, as
for the reduction of cylindricity of the printed parts, Maurya et al. [10] recommended low
layer thickness of 100 µm. Conversely, Spindola Filho et al. [15] observed that print speed
was the most influential factor on the cylindricity of ABS printed parts.

Finally, Figure 15 shows the interaction effects plot for roundness for the case of the
outer and inner zones, respectively.

Figure 16a shows that ND should be kept at its lowest value to minimize external
roundness and that the preferred variation for T, LH, and EM is the minimum value.
Likewise, the interaction between T and LH, suggests that both the temperature and the
layer height are kept at their minimum values. A contrary behavior is observed in the T-PS
and T-EM interactions where the temperature should be at the highest level and PS and EM
should be kept at their lowest levels. Dealing with the interaction LH-PS, it can be pointed
out that LH should be at its lowest level and the same is applicable to PS. Moreover, in
the interaction between LH and EM, if LH is set to its minimum, the level of EM does not
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matter. However, if LH rises EM should remain at its lowest level. On the other hand,
Figure 16b shows that, in order to minimize internal roundness, ND should be close to
its minimum value, in this case it does not matter if T, PS and EM are at the maximum or
minimum values. In the case of the interaction between ND and LH, it can be observed that
both ND and LH should be kept at their lowest values. Similarly, in the T-LH interaction it
can be observed that both the temperature and LH should be kept at their lowest values.

Figure 16. Transformation of the values of the response functions obtained by using the ANFIS and the desirability function
proposed by Luis-Pérez [31] for the case of the outer surface (a–c) and for the case of the inner surface (d–e): (a) ft1 vs.
(Roughness, Raext), (b) ft2 vs. (Roundnessext), (c) ft3 vs. (Dimensional Errorext), (d) ft2 vs. (Roundnessint), (e) ft2 vs.
(Roundnessint), and (f) ft3 vs. (Dimensional Errorint).
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3.4. Multiobjetive Optimization

In order to determine a set of values that simultaneously optimize roughness, round-
ness and dimensional error, a multi-objective optimization has been carried out following
the methodology shown in the research work by Luis-Pérez [31]. For this purpose, the
modeling obtained with the ANFIS for the response variables under study along with
the desirability function proposed by [31] is used for optimization. The variables to be
optimized have been selected as the surface roughness, characterized by the arithmetic
mean roughness (Ra), which was already studied in a previous work carried out by the
authors of this manuscript. Therefore, the ANFIS models developed in this present study
for roundness and dimensional error are employed, as well as the ANFIS developed for Ra
in [30].

The multi-objective optimization study has been carried out for the five input variables
and three cases have been considered as output variables to be optimized: (a) Minimize (Ra
and Roundness) and at the same time keep |Dimensional Error| ≤ 0.01, in the outer zone;
(b) Minimize (Ra and Roundness) and at the same time keep |Dimensional Error| ≤ 0.01 in
the inner zone and (c) simultaneously optimize the outer and inner zone. That is, minimize
(Ra and Roundness) (for both zones) and at the same time keep |Dimensional Error| ≤ 0.01,
for both the outer zone and the inner zone.

Figure 16 shows the transformation of the values of the response functions obtained by
using the ANFIS (for Ra, Roundness and Dimensional Error) and the desirability function
proposed by Luis- Pérez [31] for the case of the outer surface (a–c) and for the case of the
inner surface (e–f).

The values used to represent the functions shown in Figure 16 are those obtained after
observing convergence in the values provided by the desirability function for both the
outer zone and the inner zone. Table 3 shows the results of the multi-objective optimization
for case a) in which minimize (Ra and Roundness) and |Dimensional Error| ≤ 0.01, for the
outer surface of the manufactured parts. On the other hand, Table 4 shows the results of the
multi-objective optimization: Minimize (Ra & Roundness) and |Dimensional Error| ≤ 0.01
for the inner surface of the manufactured parts and finally Table 5 shows the results
obtained for the case of the simultaneous optimization of the outer and inner surface.

Table 3. Multi-objective optimization results: minimize (Ra & Roundness) and |Dimensional Error| ≤ 0.01, for the outer
surface of the manufactured parts using the desirability function and the methodology proposed by Luis-Pérez [31].

Desirability
Value ND T LH PS EM Ra (µm) Roundness

(mm)
Dimensional
Error (mm)

0.9780 0.4000 205.0000 0.1000 31.0526 93.6316 8.3972 0.1460 −0.0054

Table 4. Multi-objective optimization results: minimize (Ra & Roundness) and |Dimensional Error| ≤ 0.01, for the inner
surface of the manufactured parts using the desirability function and the methodology proposed by Luis-Pérez [31].

Desirability
Value ND T LH PS EM Ra (µm) Roundness

(mm)
Dimensional
Error (mm)

0.9764 0.4000 195.5882 0.1000 39.4118 94.8824 10.4376 0.1267 −0.0010

Table 5. Multi-objective optimization results: minimize (Ra and Roundness) and |Dimensional Error| ≤ 0.01, simultaneously
for the inner and the outer surfaces of the manufactured parts using the desirability function and the methodology proposed
by Luis-Pérez [31].

Desirability
Value ND T LH PS EM Ra (µm) Roundness

(mm)
Dimensional
Error (mm)

Ext. 9.2643 0.1476 −0.0048
0.9759 0.4000 197.6667 0.1000 42.0000 94.8667

Int. 10.4977 0.1320 −0.0022
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As can be observed in Table 3, it is shown that the preferred values to simultaneously
optimize roughness and roundness as well as dimensional error are those in which ND
and LH are kept at their lower levels and PS and EM are also close to the lower values of
the input variables, within the range of the values studied. On the other hand, the working
temperature should be increased to the highest level. Other solutions were found with
slightly lower desirability values, for example 0.9771, in which a low temperature of 195 ◦C
is recommended, with the rest of the variables in their low values or similar, except for the
extrusion multiplier which should be around 95%. Low temperature is recommended for
the inner surface (Table 4) and for the simultaneous optimization of both surfaces (Table 5).

On the other hand, Table 4 shows that, similarly to results obtained in Table 3, ND and
LH should be kept at their minimum values and PS and EM should be slightly increased in
relation to the previous case. On the other hand, the temperature value, in the case of the
interior zone, should be selected close to the minimum value selected for experimentation.

Finally, Table 5 shows the simultaneous optimization of roughness, roundness, and
dimensional error for the case of both inner and outer surfaces (that is, six response
variables). In this case, ND and LH should be kept at their minimum value, T should be
close to its low value, while PS and EM should be close to their medium value. As was
previously observed (Figures 8, 11 and 14), high nozzle diameter and high layer height are
not recommended if dimensional and form errors are to be minimized.

4. Conclusions

In this present research study, the main factors that affect the dimensional accuracy
and form error of hemispherical cups 3D printed in PLA using the FFF technology have
been examined. Different experimental tests were carried out according to a fractional
factorial design of experiments (DOE).

Modeling has been carried out using ANFIS to obtain response models for dimensional
error, roundness and concentricity of the hemispherical cups. It was observed that all of the
responses, namely dimensional error, roundness error, and concentricity depend mainly
on nozzle diameter and layer height (considering both the outer and the inner surfaces
of the parts). High nozzle diameter of 0.6 mm and high layer height of 0.3 mm are not
recommended due to the fact that they increase dimensional and form errors.

The models were used together with a desirability function to obtain the input pa-
rameters that simultaneously optimize surface finish, roundness and dimensional error.
This has been carried out both independently, for the outer surface and the inner surface of
the manufactured parts, as well as for simultaneous optimization (that is, with the results
obtained for the outer and the inner zones of the prototypes).

In the range of values and parts analyzed in this study, it has been found that in
the first and second cases (outer and inner surface, respectively) layer height and nozzle
diameter should be kept at their lower values (0.1 mm and 0.4 mm, respectively) and
also print speed and extrusion multiplier should be kept, in both cases, at values close
to the lowest ones (30 mm/s and 93%). Regarding the first case, which is related to the
outer surface of the parts, unlike the other two cases, temperature should be kept at the
maximum value, 205 ◦C. However, other solutions were found for the outer surface with
slightly lower desirability values, in which a low temperature of 195 ◦C is recommended,
with the rest of the variables are in their low values or similar (except for the extrusion
multiplier, which should be around 95%).

Regarding the third case, simultaneous optimization (inner-outer), nozzle diameter
and layer height, as well as temperature, should be kept at the lowest value of the DOE
(0.4 mm, 0.1 mm and 195 ◦C respectively). Meanwhile, print speed and extrusion multiplier
should be approximately at their central value (40 mm/s and 95%).
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Abstract: Polyurethane foams provide a wide range of applications as a biomaterial system due to
the ability to tune their physical, chemical, and biological properties to meet the requirements of the
intended applications. Another key parameter that determines the usability of this biomaterial is its
degradability under body conditions. Several current approaches focus on slowing the degradation
rate for applications that require the implant to be present for a longer time frame (over 100 days).
Here, biostable shape memory polymer (SMP) foams were synthesized with added ether-containing
monomers to tune the degradation rates. The physical, thermal and shape memory properties of these
foams were characterized along with their cytocompatibility and blood interactions. Degradation
profiles were assessed in vitro in oxidative (3% H2O2; real-time) and hydrolytic media (0.1 M NaOH;
accelerated) at 37 ◦C. The resulting foams had tunable degradation rates, with up 15% mass remaining
after 108 days, and controlled erosion profiles. These easy-to-use, shape-filling SMP foams have
the potential for various biomaterial applications where longer-term stability without the need for
implant removal is desired.

Keywords: shape memory polymers; polyurethanes; oxidation; degradation; biostable; foams

1. Introduction

Shape memory polymers (SMPs) are smart materials with many potential biomedical
applications. SMPs can be prepared in a primary/original shape, deformed into a tempo-
rary shape upon exposure to an external stimulus, and stored in this temporary shape once
the stimulus is removed. The external stimulus can be temperature, light, pH, electrical
stimulus, or a magnetic field. Upon re-exposure to the stimulus, the shape memory effect
can be triggered to recover the material back to its original shape.

Based on the application, biomaterials require varying degrees of biodegradabil-
ity, tissue integration, cell and blood interactions, nutrient transfer, space-filling ability,
and clinical functionality. Polyurethane SMPs have been extensively employed as biomate-
rial scaffolds in vascular applications, [1] drug delivery, [2] and tissue engineering due to
their excellent tunable mechanical properties, [3] high cytocompatibility and biocompatibil-
ity, [4,5] and the ability to tune degradation rates to match application requirements [6,7].

Biodegradation affects cell infiltration, vascular in-growth, and neo-tissue formation
to allow successful integration of host tissue with biomaterials at the implant location.
Biodegradation can occur via three major mechanisms: oxidation, hydrolysis, and en-
zymatic degradation [8]. Some applications, such as degradable sutures, require a fast
degradation rate, while others require biostable scaffolds that remain in the body over long
time frames. Polyurethane SMPs present an ideal system for controlling degradation rates
by selectively incorporating oxidatively, hydrolytically, and/or enzymatically responsive
groups. The ability to control architecture changes with shape memory properties while
tuning degradation profiles presents several potential benefits for healing, and previous
research in this area is rich [9–11].
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Within the large field of polyurethane SMPs, a crosslinked, amorphous polyurethane
SMP foam system has been used for vascular occlusion applications, such as aneurysm fill-
ing [12,13], peripheral vascular disease [14], and hemorrhage control [15]. These materials
are highly tunable, with prior work focusing on altering shape memory profiles, [16] pore
structure [17], and/or toughness [18] and on incorporation of functional motifs to enable
in vivo imaging [19,20] or infection control [21]. In vitro degradation characterization of
SMP foams showed that they are hydrolytically stable, but that they degrade via oxida-
tion [7]. Degradation was attributed to tertiary amines in the polyol crosslinkers that are
used to form the polyurethane network. In a rabbit elastase aneurysm model, Herting et al.
found that the materials underwent ~97% mass loss by 90 days using cross-sectional
histological images [22].

Based on these findings, several subsequent studies have focused on improving the
biostability of this valuable biomaterial system. Hasan et al. replaced the tertiary amine-
containing monomers in the SMP foams with glycerol and hexanetriol. These foams were
highly stable, with <10% mass loss over 45 days in accelerated hydrolytic and oxidation
medias (0.1 M NaOH and 50% H2O2, respectively) [23]. However, their shape recovery
profiles were significantly slower than the original SMP foams, with 100% volume recovery
achieved after ~40 min in 50 ◦C water vs. full recovery in <10 min in 37 ◦C water in the
control foams. This property would limit their ability to be actuated upon implantation at
body temperature in future applications.

Weems et al. focused on improving the biostability of shape memory polyurethanes by
incorporating isocyanurate-containing alcohols [24]. This approach resulted in increased
biostability and delayed degradation. While tested in an accelerated oxidative degrada-
tion media (20% H2O2 catalyzed by 0.1 M CoCl2), SMP films had more than 80% mass
remaining after 100 days and porous SMP foams had close to 75% mass remaining after
40 days. This is a promising approach to significantly increasing biostability; however,
the eventual degradation byproduct of these polymers may contain small molecules like
cyclic isocyanurates, whose cytocompatibility has not been determined. Additionally,
materials with intermediate degradation rates may be required.

In a separate approach, Weems et al. achieved a reduced degradation rate by in-
corporating small molecule antioxidants into the foams to form an SMP composite [25].
The microparticles were physically mixed within the polymer solution; thus, this approach
could result in the antioxidant-loaded microparticles leaching out of the polymer system to
alter the scaffold biostability over time. In most of the composite formulations, the antiox-
idant payloads were released during the initial cleaning procedure. The composite that
did have a well-retained antioxidant content after washing underwent complete release
of the antioxidant during the first three days of the degradation study, and thus did not
significantly alter the long-term degradation profile.

While these SMP foams have been widely employed in embolic applications, none
of the prior studies characterized blood interactions following modifications, which are
highly dependent on material chemistry. Additionally, there may be benefits to more
moderate increases in biostability or in altering the physical erosion profiles of SMP foams,
such as in load-bearing applications where bulk device failure may be detrimental to
healing. To that end, we synthesized polyurethane SMP foams that were modified with
ether linkages using diethylene glycol (DEG) or triethylene glycol (TEG) to extend their
biostability relative to control foams. We characterized the ability to tune the rate of
degradation while maintaining other properties, such as pore size and volume recovery
rates, the physical erosion profiles, and cell and blood interactions in the resulting ether-
containing foams. In the long-term, these foams could provide an option for biomaterial
implants with controlled degradation after implantation to maintain scaffold properties
over longer time frames and to eliminate the need for implant removal.

344



Polymers 2021, 13, 4084

2. Materials and Methods

Materials: Hexamethylene diisocyante (HDI), diethylene glycol (DEG), triethylene
glycol (TEG), N,N,N′,N′-tetrakis-(2-hydroxypropyl)-ethylene diamine (HPED), triethanol
amine (TEA), hydrogen peroxide (H2O2, Certified ACS, 30%), sodium hydroxide (NaOH),
and ethanol (reagent alcohol) were purchased as used as received from Fisher Scientific
(Waltham, MA, USA). All chemicals were purchased at reagent grade unless specified.
Catalysts (T-131 and BL-22) and surfactant (EP-H-190) were used as received from Evonik
Corporation (Essen, Germany).

Foam Synthesis: Polyurethane foams were synthesized in a two-part process by
first preparing an isocyanate (NCO) pre-mix that contained 35 equivalents of hydroxyl
groups provided by varying ratios of HPED, TEA, DEG, and TEG, and 100 equivalents
of isocyanates. The pre-polymer was formed by crosslinking the NCO pre-mix at 50 ◦C
for 48 h. Surfactant (EP-H-190) was added to the pre-mix after 48 h. The NCO pre-mix
was allowed to cool down to room temperature while the hydroxyl pre-mix was made.
The hydroxyl (OH) mix contained the remaining hydroxyls to balance the NCO groups,
deionized (DI) water as a chemical blowing agent, and catalysts (T-131-tin based gelling
catalyst) and BL-22-amine based blowing catalyst). The hydroxyl components were mixed
at 3500 rpm for 30 s. The required amount of catalysts were added to the hydroxyl contents
and mixed at 3500 rpm for 30 s. The final hydroxyl mix was added to the isocyanate
pre-mix and mixed at 1800 rpm for 5 s and poured into a large mold to form a gas-blown
foam in an isothermal oven maintained at 50 ◦C. All mixing was carried out in a high-speed
mixer (Flacktek, Landrum, SC, USA). The overall hydroxyl to isocyanate ratio in the foam
was maintained at 1.04 to ensure the complete reaction of isocyanates during the synthesis.
Synthesized foam compositions are shown in Table 1.

Table 1. Synthesized foam compositions.

Sample
ID

HDI
(wt%)

HPED
(wt%)

TEA
(wt%)

DEG
(wt%)

TEG
(wt%)

EPH 190
(wt%)

T-131
(wt%)

BL-22
(wt%)

Water
(wt%)

Control 54.03 27.61 8.05 - - 6.44 0.46 1.01 2.37

15% DEG 52.36 29.21 - 4.24 - 6.26 0.56 1.2 2.9

15% TEG 51.2 32.28 - - 5.83 6.28 0.56 1.2 2.73

30% DEG 53.16 27.15 - 8.69 - 6.19 0.60 1.18 2.91

30% TEG 51.34 26.25 - - 11.52 6.33 0.53 1.2 2.80

Foam Pore Analysis: Foam slices (n = 3, ~1 cm2) were cut parallel and perpendicular
to the foam rise direction. Each piece was coated with gold using a high vacuum sputter
coater (Denton, Moorestown, NJ, USA) at 100 mTorr for 45 s to form a consistent and a
stable coating. Pore structures were characterized via a JEOL JSM 5600 scanning electron
microscope (SEM; JEOL USA, Peabody, MA, USA) at 35× magnification under 10 kV
high vacuum. The micrographs were analyzed via ImageJ (National Institutes of Health,
Bethesda, MD, USA) to quantify pore diameters.

Density: Cube samples (n = 3, ~1 cm3) were cut via a hot wire cutter, (Proxxon
Thermocut 115/E, Hickory, NC, USA). Dimensions and weights were measured to obtain
foam densities.

Mechanical Testing: Dogbone punches were cut from each foam (n = 3) according
to the ASTM D638 (scaled down by a factor of 4; length: 6.25 mm, width: ~1.5 mm).
The thickness of each piece was measured prior to testing. Samples were tested in both dry
and wet conditions. To test the samples in wet conditions, they were placed in DI water at
50 ◦C for 5 min and patted dry prior to analysis. Based on thermal and swelling analysis,
this time frame/temperature provided equilibrium water absorption to ensure sample
wetting. Samples (n = 3) were stretched in a tensile tester via a 24 N load cell at a rate
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of 2 mm/min until failure to measure elastic modulus, elongation at break, and ultimate
tensile strength.

Thermal analysis: Glass transition temperature (Tg) was measured for each sample
(n = 3, 3–5 mg) using a Q200 differential scanning calorimeter (DSC, TA instruments,
New Castle, DE, USA) in both dry and wet (plasticized) conditions. Samples were placed
in t-zero aluminum pans, equilibrated at −40 ◦C, heated to 120 ◦C at 10 ◦C/min, kept
isothermally for 2 min, cooled to −40 ◦C at 10 ◦C/min, and heated back to 120 ◦C at
10 ◦C/min. Dry Tg was measured was measured as the half-height transition temperature
during the second heating cycle. To measure wet Tg, samples were plasticized by placing
in DI water at 50 ◦C for 10 min, pressed dry, and placed in t-zero aluminum pans with
hermetic lids. A pin hole was pierced on the hermetic lid to allow water to escape during the
heating cycle. Samples were equilibrated at −60 ◦C and heated to 80 ◦C at 10 ◦C/min. Wet
Tg was measured as the half-height transition temperature during the single heating cycle.

Shape Memory Behavior: Volume expansion was used to quantify shape memory
behavior. Cylindrical foam samples (1 cm long, 8 mm diameter) were cut, cleaned in DI
water and 70% ethanol, and dried under vacuum for 24 h prior to testing. Each sample
was heated to 100 ◦C for 10 min to allow softening, and the diameter was recorded using
digital calipers prior to manual crimping in a radial compression crimper (Blockwise
Engineering, Tempe, AZ, USA). After cooling to room temperature, the final crimped
sample diameter and length were recorded, samples were placed in scintillation vial in a
desiccator for 24 h and fixed on a 300 µm Nitinol wire to allow for complete shape setting
and relaxation to occur. After 24 h, the foam’s initial diameter and length were measured,
and samples were placed in a DI water bath set at 37 ◦C and allowed to expand for 5 min.
Images were captured every 3 s to observe changes in diameter over time (t) and generate
a volume recovery profile. Images were analyzed using ImageJ and volume recovery was
measured as:

% Volume Recovery =
Sample Diameter(t) × Sample Length(t)
Initial Diameter (d1) × Initial Length (l1)

× 100 (1)

Change in volume vs. time was plotted over the expansion time frame.
Spectroscopic Analysis: Surface chemistry was characterized on thin slices of cleaned

foam pieces using a Nicolet i70 Attenuate total reflectance (ATR)-Fourier transform infrared
(FTIR) Spectrometer (Fisher Scientific, Waltham, MA, USA) at 0.8 cm−1 resolution using
OMNIC software (Fisher Scientific, Waltham, MA, USA). Incorporation of ethers into
polyurethane foams was confirmed by the presence of peaks corresponding to the C-O of
the ether group at ~1090 and ~1050 cm−1 and the carbonyl of urethane at ~1688 cm−1.

Degradation Analysis: Cylindrical foams (n = 8, 8 mm diameter, 1 cm height) were
washed and dried, and initial masses were obtained using a gravimetric scale. Samples were
placed in 3% H2O2 (real-time oxidative degradation media) or in 0.1 M NaOH (accelerated
hydrolytic degradation media) at 37 ◦C with regular media changes. At selected time
points, samples were washed with ethanol and dried under vacuum for 24 h. After drying,
samples were imaged using a camera, and masses were measured (n = 5). A thin slice was
cut from a sacrificial set of foams (n = 3) and used to measure pore morphology (SEM),
Tg (DSC), and surface chemistry (FTIR) as described above.

Cytocompatibility: Sample cytocompatibility was tested using 3T3 Swiss mouse
fibroblasts (ATCC-CCL92; ATCC, Manassas, VA, USA). Cells were cultured with Dulbecco’s
modified Eagle’s medium (DMEM, high glucose GlutaMAX), supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S, Gibco) at
37 ◦C/5% CO2. Cells from passage 11 were used after three days of culture. Cells were
seeded onto a 24-well tissue culture polystyrene plate at 10,000 cells/well and incubated
for 24 h at 37 ◦C/5% CO2 for 24 h. Samples were cleaned using water, 20% Contrad
solution, and isopropyl alcohol, and then soaked in 1× PBS overnight prior to testing
to leach out any alcohol. Samples (n = 3) were placed in each well along with positive
controls (media-only with cells, n = 3), and negative controls (media-only with no cells).
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Samples were incubated with cells, and viability was assessed after 24 h using a Live/Dead
assay (ThermoFisher Scientific, Waltham, MA, USA). Briefly, cells were stained with green
fluorescent calcein-AM (live cells) and red-fluorescent ethidium homodimer-1 (dead cells)
for 15 min at room temperature while protecting from light. Cells were imaged using an
inverted microscope (Leica, DMI6000) at 10×magnification to determine the number of
live (green) and dead (red) cells. Three images were captured for each sample. Cell viability
of each sample (x) was measured as:

Cell Viability (x) =
Live Cells

Total number o f cells
× 100% (2)

Blood Interactions: Porcine blood (Lampire Biological Laboratories, Pipersville, PA,
USA) anticoagulated with Na-Citrate upon collection was stored at 4 ◦C for up to 3 weeks
from the bleed date, according to supplier guidelines. Control, 30% DEG, and 30% TEG
foams were washed and dried prior to characterization in all studies. QuikClot Combat
Gauze was included as a clinical control. Blood absorption was analyzed by weighing dry
samples (n = 3; ~50 mg) and incubating them in blood at 37 ◦C. Samples were weighed at
24 h, and blood absorption was calculated as:

% Absorbed =
Wb −Wd

Wd
× 100% (3)

where Wb is the mass of the sample in blood and Wd is the dry mass.
Platelet attachment was measured via LDH cytotoxicity assay kit (Cayman Chemical,

Ann Arbor, MI, USA). Platelet-rich plasma (PRP) was collected by centrifuging whole blood
at 3000 rpm for 15 min to obtain a standard curve. PRP was diluted with PBS to obtain
multiple concentrations (100, 50, 25, 12.5, and 6%) to generate a standard. Hemocytometer
counts were acquired at each PRP concentration (n = 4) to quantify the standard values.
SMP foams (n = 4) were cut to equal surface area and placed in individual wells in a 24-well
plate. Gauze was used as a clinical control. One milliliter of blood was added to each well
and the soaked samples were incubated at 37 ◦C for 30 min. PBS was used to wash out
any unattached platelets. Samples were then added to wells on a separate plate containing
1 mL PBS and 100 µL of 10% Triton X-100 to lyse unattached platelets. Supernatant (100 µL)
from each well was added to wells on a separate 96 well plate along with 100 µL of LDH
reaction solution. The mixture was incubated at 37 ◦C for 30 min on an orbital shaker.
Microplate reader was then used to obtain absorbance values from each sample at 490 nm.

Samples that were washed with PBS to remove unattached platelets were then imaged
via SEM to observe activity states and platelet activation. Prior to imaging, samples were
soaked in 2% glutaraldehyde solution (Electron Microscopy Sciences, Hartfield, PA, USA)
to fix them and later dehydrated. To achieve complete dehydration, samples were soaked
in a series of ethanol concentrations: (1) 30 min in 50% ethanol, (2) 30 min in 70% ethanol,
(3) 30 min in 95% ethanol and finally (4) 30 min in 95% ethanol. Post dehydration samples
were dried overnight in a vacuum oven at 50 ◦C and −30 inches Hg. SEM analysis was
performed using JEOL NeoScope JSM-5600 (JEOL USA, Peabody, MA, USA) operated
at 10 kV. Images were captured at regions of interest at 1000× and 5000×magnification.
These images were later analyzed via ImageJ assess platelet aggregations and activation
(morphology change).

The time required for coagulation was measured for each sample (n = 4) by placing
them in 1.5 mL microcentrifuge tubes and exposing them to blood. One tube was main-
tained as a negative control with no sample. Samples were weighed and cut to have the
same surface area throughout. Blood was brought to room temperature and the Na-citrate
anticoagulant was reversed by adding 1 M CaCl2 solution to obtain a net 0.01 M CaCl2
solution. Then, 50 µL of this blood was added to each sample tube. The clotting process
was stopped at each time point (every 6 min over 30 min) by adding 1 mL DI water to
each tube to lyse the free red blood cells. These tubes were centrifuged at 2300 rpm for
15 min, inverted, and images were captured using a digital camera (AKASO V50 Pro
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Native, AKASO, Frederick, MD, USA). The relative amount of hemoglobin released at each
time point was determined by adding 200 µL of the lysate from each tube to a 96-well plate
and measuring the absorbance at 540 nm using a BioTek Synergy 2 Multimode Microplate
Reader (Winooski, VT, USA).

Statistical Analysis: Measurements are presented as mean ± standard deviations.
Student’s t-tests were performed to determine differences between ether foams and controls.
Statistical significance was taken as p < 0.05.

3. Results
3.1. Structural Properties

Low density polyurethane foams were synthesized with a target density below
0.08 g/cm3, Figure 1a. General increases in density were observed with the introduc-
tion of lower amounts (15%) of ether-containing monomers, while general decreases in
density were observed in higher ether content foams (30%). Pore sizes for each foam
were targeted to be between 1000 and 1400 µm to ensure comparable properties to the
control. 30% DEG foams have the largest pore size of 1323 µm (vs. control foams: 1151 µm),
Figure 1b. In the SEM images, Figure 1c, 15% DEG and TEG foams appear to have thicker
walls, which corresponds with their increased density. In addition to the higher pore size
in 30% DEG foams, evidence of pore opening (pinholes in pore walls) can be observed in
the 30% DEG and TEG foam SEM images, which resulted in lower density relative to the
control foam.
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Figure 1. Structural properties of shape memory polymer foams. (a) The density of foams (n = 3), (b) average pore size of
foams (n = 6) measured using SEM images on samples cut parallel and perpendicular to foam rise, and (c) representative
micrographs of pore morphology. Scale bar of 1000 µm applies to all images. Mean ± standard deviation displayed in all
panels. * p < 0.05 relative to all other foams.

3.2. Thermal Properties

Highly crosslinked amorphous networks were formed using polyol crosslinkers with
three (TEA) and four (HPED) hydroxyl groups, along with short-chain diol monomers
(DEG and TEG), which was indicated by the absence of melting peaks in the DSC traces
(Figure S1 in Supplementary Materials). As seen in Figure 2a, all foams had dry Tg’s
above 40 ◦C, which enables stable storage of foams at room temperature (~22 ◦C) without
premature shape memory actuation. The target wet glass transition temperature below
37 ◦C was also obtained in all foams, Figure 2b, which enables actuation of shape memory
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behavior upon implantation and exposure to water present in the body via water-induced
plasticization of the SMPs.
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Figure 2. Thermal, shape memory, and hydrophilicity properties of SMP foams. (a) Dry glass
transition temperature (n = 3, * p < 0.05 relative to control), (b) wet glass transition temperature (n = 3,
* p < 0.05 relative to control), horizontal line is provided as a reference for body temperature (37 ◦C)
in (a,b). (c) contact angle (n = 5, * p < 0.05 relative to all other samples, † p < 0.05 relative to 15% TEG
and 30% DEG samples), and (d) volume recovery of samples (n = 3) in deionized water at 37 ◦C.
Mean ± standard deviation displayed in all panels.

3.3. Hydrophilicity and Shape Memory

The contact angle was measured on each formulation in bulk film form to compare the
difference in water interactions between the foams. Control films had the highest contact
angle (87◦) and the inclusion of DEG and TEG increased hydrophilicity, as evidenced by
decreased contact angles (down to 63◦ for TEG and 70◦ for DEG), as shown in Figure 2c.
Shape recovery profiles of samples were evaluated to indicate their capability to return from
their secondary, compressed shape to their original, expanded shape after implantation
and exposure to water in the body, Figure 2d. All foams expanded back to 100% of their
original volume within ~200 s. In general, volume expansion profiles were similar, but the
15% DEG and TEG foams had faster expansion in the first 30 s, and the 30% DEG and TEG
foams had slower expansion in the first 60 s relative to the control.

3.4. Tensile Testing

The addition of ether-containing diol monomers resulted in an overall reduction
of elastic modulus and an increase in maximum elongation in the wet and dry states
compared to controls, Table 2. The highest reduction in modulus relative to the control
(22×) was observed in 30% TEG foams, which corresponds with the highest increase (8×) in
elongation at break. All foams had a reduction in modulus and the corresponding increase
in elongation after undergoing water-induced plasticization in DI water at 50 ◦C for 5 min.
The wet foam mechanical properties were overall more similar between formulations.
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Table 2. Tensile properties of shape memory polymer foams in dry and wet conditions. n = 3,
mean ± standard deviation displayed.

Sample ID
Elastic Modulus (kPa) Maximum Elongation ε (mm/mm)

Dry Wet Dry Wet

Control 3200 ± 1700 150 ± 20 0.17 ± 0.04 0.4 ± 0.2

15% DEG 840 ± 140 41 ± 5 0.25 ± 0.01 0.9 ± 0.5

15% TEG 140 ± 40 32 ± 6 0.46 ± 0.17 3.0 ± 1.2

30% DEG 790 ± 270 45 ± 13 0.28 ± 0.14 1.2 ± 0.2

30% TEG 170 ± 110 12 ± 3 1.25 ± 0.45 1.0 ± 0.1

3.5. Degradation Analysis
3.5.1. Mass Loss and Physical Erosion

All foams remained stable in accelerated hydrolytic media (0.1 M NaOH), with less
than 10% mass loss over 98 days, Figure 3a. In the oxidative media (3% H2O2) foams had
comparable, approximately linear mass loss rates over the first 40 days, Figure 3b. After
that, control foams began to degrade more quickly, and they underwent bulk erosion and
started breaking into smaller pieces by ~56 days, Figure 4. Amongst the ether-containing
foams, 30% DEG foams had the slowest degradation rate and had 5% mass remaining
after 105 days, followed by 30% TEG foams, which fully degraded in 98 days. The ether-
containing foams appeared to undergo surface erosion, maintaining their bulk geometries
over >80 days, Figures 4 and 5.
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3.5.2. Thermal Analysis

As degradation proceeded, thermal analysis was performed to measure Tg as an
indication of network crosslink density over time, Figure 4. This data can be used as an
indication of whether the foams underwent surface or bulk degradation, where surface
degradation would indicate that the polymer network and crosslink density remain intact
during material breakdown. Interestingly, despite their observed physical bulk erosion,
Figure 4, control foams retained their Tg (~50–60 ◦C) throughout the entire degradation
process. Due to complete sample degradation, no images could be obtained of control
foams past 70 days. All ether-containing foams retained their Tg’s until ~56 days, after
which there was an observed decrease in Tg. Thus, surface degradation likely occurred
throughout most of the degradation process, as is expected for oxidative degradation,
due to the high reactivity of reactive oxygen species.
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Figure 5. SEM micrographs depicting the overall pore morphology observed during degradation in
oxidative media, 3% H2O2, over 98 days. Scale bar of 1000 µm applies to all images.

3.5.3. Pore Morphology

SEM was used to analyze pore morphology every two weeks, as shown in Figure 5.
Control foams began losing their porous structure by 14 days and underwent significant
strut breaking by 28 days. Total pore collapse was observed in control foams by 42 days.
Among the ether-containing foams, 30% DEG and 30% TEG generally maintained their
pore morphology while shrinking over time, with some strut breakage at ~70 days and
collapse at ~98 days. Material shrinkage can also be seen in 15% DEG and TEG foams,
with maintained visible pores over ~70 days. Due to complete sample degradation, no
images could be obtained of control foams past 70 days or of 15% DEG foams past 84 days.

3.5.4. Spectroscopic Analysis

FTIR spectra during degradation in 3% H2O2 revealed a shift in the urethane peak
from 1680 cm−1 to 1688 cm−1 and a reduction in tertiary amine peaks of HPED and TEA at
1050 cm−1, which has been previously observed, Figure 6 [7]. As the tertiary amine peak in
the ether-containing foams is reduced, the ether peak at ~1090 cm−1 become more apparent,
indicating that the ether groups remain stable during degradation. There is no visible
evidence of ether crosslinking (branched ether peak at ~1174 cm−1) during degradation in
the FTIR spectra [26].
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3.6. Cell and Blood Interactions

Since 15% DEG and 15% TEG had a faster degradation rate compared to 30% DEG
and 30% TEG samples, cell and blood interactions were studied exclusively for the foams
containing 30% ether linkages along with control foams and a clinical control (QuickClot
gauze). Cell viability was confirmed to be ~100% for all samples after 24 h of incubation,
Figure 7a. Images of live/dead cells can be seen in Figure 7b. Live cells are stained green
and dead cells are stained red. As seen in Figure 8a control foams absorbed the highest
amount of blood among the tested samples, and all materials absorbed between 100 and
200% of their dry weight in blood. In the coagulation study, the amount of free RBCs
was higher in SMP foams relative to gauze at 0 min. However, comparable coagulation
profiles were observed by 6 min Figure 8b. At 18 min and beyond, 30% DEG had the
lowest number of free RBCs amongst all test samples, indicating a higher clotting capability.
Images of lysates can be seen in Supplementary Materials Figure S2. Platelet attachment
was quantified after incubation of samples in platelet-rich plasma. As shown in Figure 8c,
maximum platelet attachment was observed on 30% DEG, followed by gauze and 30% TEG
with comparable platelet numbers that were approximately half that of 30% DEG. Control
foams had the lowest number of attached platelets. These results correlate the platelet
aggregation and activation visualized using SEM micrographs, Figure 8d. The gauze
clinical control had aggregated platelets with evidence of thrombus formation. All three
SMP foams showed evidence of platelet activation (small protrusions on platelet surfaces)
and aggregation, and imaged platelet densities correspond with the numbers quantified
using the LDH assay.
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Figure 7. Cytocompatibility of SMP foams. (a) 3T3 mouse fibroblast viability over 24 h (n = 3).
(b) Representative live/dead cell images were used to calculate viability. Live cells were stained
green and dead cells were stained red. Scale bar applies to all images.
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Figure 8. Cell and blood interactions with SMP foams. (a) Whole porcine blood absorption after 24 h
of incubation (n = 3). (b) Average blood coagulation profiles represented free RBCs relative to clinical
control (gauze) over 30 min (n = 4). * p <0.05 relative to gauze. (c) Platelet attachment to sample
surfaces (n = 3, * p < 0.05 relative to all samples, † p < 0.05 relative to gauze). Mean ± standard
deviation displayed in all panels. (d) SEM micrographs of attached platelets. Scale bars are shown in
Gauze column apply to all other images in each row.

4. Discussion

Overall, it was observed that adding ether-containing monomers, DEG and TEG,
resulted in increased pore interconnectivity and reduction in Tg compared to control foams.
We hypothesize that the increased hydrophilicity of DEG and TEG enabled increased
interactions between the monomers in the pre-polymer and the chemical blowing agent
(water) and/or the surfactant, which resulted in pore opening in the 30% DEG and TEG
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foams. This phenomenon could be advantageous in applications that require increased
interconnectivity without relying on physical or mechanical modifications like mechanical
reticulation, [17] plasma treatment, [27], and/or the addition of physical blowing agents.

TEG-containing foams had slightly lower Tg’s compared to corollary DEG-containing
foams and increasing TEG and DEG content induced further decreases in Tg. Reduction in
foam Tg is attributed to increased hydrophilicity and flexibility of DEG and TEG, which
corresponds with the contact angle measurements. Additionally, replacing the tri-functional
TEA with difunctional DEG or TEG theoretically reduces foam crosslink density, which
would result in lower Tg. However, all foams had dry Tg well above room temperature,
which would enable their stable storage in the secondary shape. Exposure to water at 37 ◦C
results in a reduction in Tg due to plasticization by water molecules penetrating the inner
structure of the foams. This reduced Tg aids in rapid volume recovery once implanted in
the body and exposed to water in body temperature blood.

The factors that determine the volume recovery of foams are wet Tg, pore size, and
hydrophilicity. Higher hydrophilicity (lower contact angle) allows for easier water ab-
sorption that corresponds to faster plasticization of foams, which is also indicated by a
lower wet Tg. Larger pore size can also increase water penetration speed into foams,
further accelerating volume recovery. Compared to control foams, DEG and TEG foams
have a higher hydrophilicity (lower contact angle) due to the addition of hydrophilic ether
linkages. Among the ether-containing foams, 30% DEG and 30% TEG foams have increased
hydrophilicity compared to 15% DEG and 15% TEG foams and have a correspondingly
faster volume recovery expected. This increased volume recovery may be valuable in
rapidly filling wounds during implantation.

The increased elongation at break and decreased stiffness of the ether-containing
foams were expected due to the overall decreases in crosslink density and increased
chain flexibility of ether linkages. The penetration of water molecules into the polymer
network and interruption of hydrogen bonds allows the polymer chains to move more
freely, as indicated by the overall decreased modulus and increased elongation at break
of all samples in the wet conditions compared to foams tested in dry conditions. The dry
measurements are important for considering material handling prior to implantation,
and all materials are mechanically robust and easy to handle in the dry state. The wet
measurements provide information about the material properties after implantation, which
is important for matching native tissue properties. Again, all materials are mechanically
within the range of soft tissues, and the differences between the ether foams and controls
are reduced in the wet state [28]. In future work, the ether foams could be modified with
stiffer diisocyanate species to increase the modulus if needed [16].

When incubated in an accelerated hydrolytic degradation medium containing 0.1 M
NaOH, all samples remained stable, with no significant mass loss due to the lack of
hydrolytically labile linkages. This result agrees with previous work on this material system
that consistently shows high hydrolytic stability. [7,29] In oxidative degradation medium
containing 3% H2O2, control foams physically broke apart after ~42 days, while the other
formulations maintained their geometry for longer times throughout the degradation time
frame. These physical changes were accompanied by an increase in the mass-loss rate in
control foams. The breaking apart of control foams may be attributed to their relatively high
brittleness, evidenced by the lowest elongation at break (0.17 ± 0.04 mm/mm), compared
to the other formulations. During the degradation study, foams are repeatedly subjected to
minor mechanical forces during the weekly washing and drying steps. Since the control
foams are more brittle, they may break apart more easily and be more susceptible to bulk
erosion, despite maintaining Tg values throughout degradation. The ether-containing
foams were more flexible and less susceptible to these stresses, as demonstrated by their
increased overall physical integrity throughout degradation, which translates to slower
and more consistent degradation rates. The ether linkages appear to remain intact during
the degradation process, as evidenced in FTIR spectra. This stability of the ether linkages
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could potentially contribute to their increased stability and more consistent degradation
profiles.

While the overall changes in degradation rates were not hugely different, the introduc-
tion of ether linkages increased the oxidative stability by ~40% (an increase from 72 days
for control to 100+ days for ether foams). Additionally, the observed surface erosion and
maintenance of pore structure over longer time frames may be beneficial for graded load
transfer during new tissue formation as the SMP foams degrade. Finally, the ability to
tune degradation independently of thermal and shape memory properties enables easy
transition to ether-containing foams to increase degradation rates without altering storage
or implantation considerations.

While future studies will require more in-depth analysis of biocompatibility after
implantation and cytocompatibility of degradation byproducts, the addition of TEG and
DEG does not affect the cytocompatibility of SMP foams. In terms of blood absorption,
the increased absorption by TEG foams compared to DEG foams is attributed to increased
hydrophilicity, which increases fluid uptake. The increased absorption by control foams
may be attributed to their closed pore structure, which increases blood retention compared
to open pore ether foams.

Various surface characteristics, like surface charge, relative hydrophilicity, and surface
roughness, can impact protein absorption and subsequent blood and/or cell interactions
with biomaterials. Thus, blood interactions must be considered when making chemical
changes in any biomaterial system, particularly for embolic applications. All samples had
complete clotting within 12 min as seen by a reduction in free RBCs. The highest clotting at
later time points (>18 min) was observed on 30% DEG foams, which corresponds with the
higher platelet attachment observed on these foams, both in the quantified LDH assay and
the qualitative SEM imaging. The 30% TEG foams had similar platelet attachment values to
clinical gauze control, and control foams showed the lowest number of attached platelets.
When visualized using SEM, gauze promoted thrombus formation within the testing time
frame, while all SMP foams had aggregated and activated platelets with similar trends
observed in relative platelet numbers on each surface. This result shows that incorporating
ether linkages into the SMP foams enhanced platelet attachment and activation, which may
translate to increased efficacy of these materials in embolic applications and provides a
new tool for increasing clotting in SMP foams. These results are analyzed in a static model.
Going further, we will focus on analyzing clotting capabilities using a dynamic in vitro
hemorrhage model where blood is allowed to flow through the foams [30].

These smart biomaterials with increased biostability and excellent biocompatibility
have a wide application in multiple tissue engineering applications. One such application
involves the use as a temporary embolic device in minimally invasive medical applications
that may require removal after a certain time point. The removal process can be avoided
using these biomaterials.

5. Conclusions

A reduction in SMP foam degradation rate was achieved by incorporating ether
linkages. The resulting foams maintain desired thermal properties, which allows stable
storage in the secondary shape at room temperature prior to use and rapid volume recovery
upon implantation. The modified foams have rapid volume recovery and increased
flexibility, allowing easy implantation without premature breaks or tears. The addition
of ether linkages to the foams enabled uniform surface erosion that improves retainment
of scaffold integrity, which can be vital in slowly-degrading biomaterials applications.
Increased clotting capabilities were seen in the 30% DEG foams that also have the slowest
degradation rates. Overall, these materials could be employed in hemostatic applications
and then left in place to slowly degrade during healing, eliminating risks associated with
implant removal after its intended application.
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10.3390/polym13234084/s1, Figure S1: Representative differential scanning calorimetry traces for
synthesized materials in the dry state. Glass transition temperatures were taken as the half-height
transition of the endothermic shift in the data. Figure S2: Representative images of lysates from
coagulation time assay. Negative control contains empty tube with no samples.
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Abstract: Poly(lactic acid) (PLA) and biosourced polyamide (PA) bioblends, with a variable PA
weight content of 10–50%, were prepared by melt blending in order to overcome the high brittleness
of PLA. During processing, the properties of the melt were stabilized and enhanced by the addition of
a styrene-acrylic multi-functional-epoxide oligomeric reactive agent (SAmfE). The general analytical
equation (GAE) was used to evaluate the kinetic parameters of the thermal degradation of PLA
within bioblends. Various empirical and theoretical solid-state mechanisms were tested to find the
best kinetic model. In order to study the effect of PA on the PLA matrix, only the first stage of the
thermal degradation was taken into consideration in the kinetic analysis (α < 0.4). On the other hand,
standardized conversion functions were evaluated. Given that it is not easy to visualize the best
accordance between experimental and theoretical values of standardized conversion functions, an
index, based on the integral mean error, was evaluated to quantitatively support our findings relative
to the best reaction mechanism. It was demonstrated that the most probable mechanism for the
thermal degradation of PLA is the random scission of macromolecular chains. Moreover, y(α) master
plots, which are independent of activation energy values, were used to confirm that the selected
reaction mechanism was the most adequate. Activation energy values were calculated as a function
of PA content. Moreover, the onset thermal stability of PLA was also determined.

Keywords: PLA; PA; bioblend; thermal stability; kinetic models; reaction mechanisms; random scission

1. Introduction

The generation of polymers derived from renewable sources, also called bio-based
polymers, is an important field of research due to the role that these ecofriendly polymers
play in reducing plastic residues, which are a source of pollution, and carbon dioxide
production, which leads to a decrease in the carbon footprint of its lifecycle [1,2]. Over the
past decade, bio-based polymers, such as poly(lactic acid) (PLA), have gained interest as
a substitute for conventional fossil-based polymers in biomedical and commodity appli-
cations. Its main features are its biodegradable nature, the decrease in the CO2 footprint
associated with the product, and the non-toxic residues released during processing [3–6].

Despite its great potential, PLA still has limitations, such as its brittleness, its reduced
service temperature range, and its high instability during processing where good melt
strength is required. There is a large amount of research dedicated to solving these draw-
backs with the aim of expanding its application window to become a commodity or even
an engineering thermoplastic [7–11].

Blending PLA with other engineering soft polymers represents an industrially relevant
strategy for developing bio-based formulations with tailored performances [12]. Specif-
ically, numerous works report the investigation of melt blending PLA with polyamides
(PA) [13–18]. However, the inherent immiscibility of this binary polymer system results in
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rather poor mechanical properties. To overcome the aforementioned issue, Pai et al. [14]
and Patel et al. [18] reported the first attempts to compatibilize PLA/PA blends by adding
titanium isopropoxide and a low molecular weight epoxy resin, respectively. Unfortunately,
a high PA content (≥50%) is needed to change the blend morphology from a droplet-matrix
to co-continuous in order to improve the mechanical properties [15,17,18]. Therefore,
PLA/PA blends with a predominant PLA content still exhibit brittleness. Polymer blends
exhibiting a fine-tuned morphology with a significantly reduced droplet size of the minor
phase are promising due to their enhanced toughness in comparison to coarse sea-island
morphologies. Indeed, the challenge is not only the compatibility of phases but also the
control of the resulting morphology after processing, which contributes to determine the
mechanical performance. Initially, a refined droplet morphology of the minor phase should
be better, in terms of enhanced toughness in comparison to a coarse sea-island morphology.
However, it has been demonstrated that the generation during processing of a suitably
compatibilized and oriented fibril morphology of the dispersed phase could generate a
mechanical reinforcing effect [19].

Among all available strategies that enable a processing-controlled morphology, the
viscosity ratio of the parent polymers in blends is that which is considered in industrial
practice. Indeed, using PLA as a matrix with enhanced melt viscosity and melt elasticity
through reactive extrusion (using a styrene-acrylic multi-functional epoxide reactive agent)
promotes a more homogeneous PA microstructure with improved interfacial adhesion, thus
promoting a nucleant effect in the PLA phase [20]. Based on the work of Walha et al. [21],
this enhanced feature could be attributed to the reaction between the unreacted epoxy
groups present in modified PLA and the amine chain ends of PA.

Along with many types of aliphatic polyesters, PLA is subject to some thermal de-
composition above its melting temperature, especially during processing. Radical and
non-radical reactions have been proposed to explain the various complex mechanisms
that could occur during processing that lead to a reduction in the molecular weight and
viscosity. As a result, a general decrease in the material properties is expected. Yu et al.
(2003) [22] argued that thermal and hydrolysis reactions for biocopolymers could be gener-
ated by random chain scission reactions of the ester groups. Coupled with this mechanism,
intra- and inter-molecular transesterification reactions could also cause a drop in molecular
weight at longer reaction times.

The ever-increasing commercial importance of polymeric materials has aroused contin-
uous interest in their thermal stability. The kinetic modeling of the decomposition process
plays a central role in many of these studies, as it is crucial for an accurate prediction of
the material behavior under different working conditions [23–31]. A precise prediction
requires knowledge of the so-called kinetic triplet: the activation energy, pre-exponential
factor, and kinetic model. The latter parameter, also known as conversion function, f (α),
is an algebraic expression that is associated with the mathematical model that describes
the kinetics of solid-state reactions. Therefore, the kinetic analysis also provides some
understanding of the mechanism of the reaction under study. Knowledge of the kinetic
model and the mechanism of thermal degradation of macromolecules is very helpful in the
study of the thermal stability of polymers [32–34].

The goal of this paper was to determine the thermal stability of PLA/PA bioblends
containing between 50% and 90% rheologically modified PLA. Moreover, empirical (n-
order and autocatalytic) and theoretical (R1, F1, D1, R2, F2, D2, R3, F3, D3, and random
scission) kinetic models were tested in order to elucidate the best mechanism to describe
the thermal degradation of PLA within these bioblends. The variation in activation energy
values with PA content was also assessed.
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2. Theoretical Background

Thermally stimulated solid-state reactions, such as thermal decompositions, are hetero-
geneous processes. The reaction rates of such processes can be kinetically described when
they take place under conditions that are far from equilibrium, by the following expression:

dα

dt
= k f (α) = A exp

(
− E

RT

)
f (α) (1)

where dα/dt is the reaction rate, k is the kinetic constant, A is the Arrhenius frequency factor,
R is the gas constant, E is the activation energy, α is the reacted fraction or conversion,
T is the process temperature, and f (α) accounts for the reaction rate dependence on α.
The conversion function, f (α), describes the dependence of the reaction rate with the
process mechanism.

When integrating Equation (1) and truncating the infinite series to the second term,
the linear integral equation is derived for experiments carried out at a constant heating
rate (β = dT/dt). This equation is called the general analytical equation (GAE), developed
by Carrasco [35].

ln


β

g(α)

T2
(

1 − 2RT
E

)


 = ln

AR
E

− E
R

1
T

(2)

where
g(α) =

∫ α

0

dα

f (α)
(3)

It must be considered that the activation energy calculation, through Equation (2),
requires an iterative procedure given that E is needed to evaluate the first member of the
equation. The E value determined from the slope was introduced in the first member. The
new E value obtained from the slope was again introduced in the first member and so on,
until reaching a constant E value.

Different conversion functions are reported in literature for describing the kinetic
mechanism of solid-state reactions. These mechanisms are proposed to consider different
geometrical assumptions for the shape of the material particles (spherical, cylindrical, and
planar) and driving forces (interface growth, diffusion, nucleation, and growth of nuclei).
Table 1 shows the equations used for the linear regression analysis of the most common
solid-state theoretical mechanisms (R1, R2, R3, F1, F2, F3, D1, D2, D3, and random scission).
The random scission mechanism is applied to L = 2, where L is the minimum length of
the polymer that is not volatile. For L ≥ 3, there is no symbolic solution and an iterative
procedure is required. The conversion functions, f (α), assume idealized models, which may
not be necessarily fulfilled in real systems. On the other hand, empirical kinetic models are
also proposed: n-order and autocatalytic. The exponents n = 0.550 (for n-order kinetics),
and n = 0.771 and m = 0.244 (for autocatalytic kinetics) were previously optimized for the
thermal degradation of PLA [36]. The activation energy and frequency factor values for
each kinetic model were calculated using Equations (2) and (3).
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Table 1. Integral kinetic equations for various solid-state mechanisms.

Mechanism f(α) General Analytical Equation in Linear Form

n-order (1 − α)n ln
[

β
1−(1−α)1−n

(1−n) T2(1− 2RT
E )

]
= ln AR

E − E
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1
T

Autocatalytic (1 − α)nαm ln
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3. Materials and Methods
3.1. Materials

A commercially extrusion-grade PLA (Ingeo 4032DR; D lactide content: 2%) was
purchased from Natureworks (Arendonk, Belgium) and used as received.

SAmfE reactive agent, namely Joncryl ADR-4300FR, was kindly supplied by BASF
(Ludwigshafen, Germany) with an epoxy equivalent weight of 433 Da and a functionality
of about 12.

The predominantly bio-based PA10.10 was produced by Dupont (Midland, MI, USA)
under the trade name Zytel RS LC1000 BK385.

3.2. Reactive Extrusion and Bioblend Preparation

Bioblends were prepared by using a two-step process. Prior to processing, raw PLA
was dried at 80 ◦C for 4 h in a Piovan (DSN506HE, Venice, Italy) hopper-dryer (dew
point = −40 ◦C). SAmfE flakes were vacuum-dried overnight at RT over silica gel. The
enhancement of the PLA melt properties was achieved through reactive extrusion using
a corotating twin-screw extruder with a screw diameter of 25 mm (L/D = 36) (KNETER
25 × 24D, Collin GmbH, Ebersberg, Germany) and a nominal SAmfE weight content of
0.6%. The seven heating zones were set to 45, 165, 165, 170, 180, 190, 190 ◦C from feeding
to die zones.

The screw speed was set to 35 rpm, leading to a residence time of 4.1 min. The extru-
date was water-cooled and pelletized. Then, five PLA/PA blends, covering the 10–50%
PA weight composition range, were prepared by melt mixing, using a Brabender batch
mixer (Brabender Plastic-Corder W50EHT, Brabender GmbH & Co., Duisburg, Germany)
operated at 210 ◦C and 50 rpm for 12 min. The obtained materials were further compression
molded into 0.6 mm thick plates in an IQAP LAP PL-15 hot plate press (IQAP Master-
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batch S.L., Barcelona, Spain) for 5 min at 210 ◦C and 4 MPa and then cooled at −50 ◦C/min.
Prior to processing, PLA and PA were vacuum dried overnight at 80 ◦C over silica gel.

3.3. Thermal Characterization

TGA data were processed on a Mettler Toledo thermogravimetric analyzer, model
TGA-SDTA851. Samples of 20 mg were heated at various linear heating rates (2.5, 5,
and 10 K/min) from room temperature to 600 ◦C, under a dry nitrogen gas flow rate of
40 cm3/min. Two replicates were scanned and errors were lower than 1.5%.

4. Results and Discussion

Figure 1 shows the experimental curves recorded for the thermal degradation of PLA
(produced by reactive extrusion), PA, and two PLA/PA bioblends (with PLA weight con-
tents of 50% and 90%), under a nominal linear heating rate of 10 K/min. It is clear that PA
is significantly more resistant to thermal degradation compared to PLA. TG curves of PLA
and PA are sigmoidal and they present a unique profile of decomposition. Therefore, the
thermal degradation of these pure polymers presents a unique value of activation energy
within the entire range of conversion. Contrarily, the TG curves of PLA/PA bioblends
clearly exhibit three different zones of decomposition: a first step, where PLA degrades, a
second step, where the decomposition of PLA and PA takes place simultaneously, and a
third phase, where residual PA degrades until the total disappearance of the organic mate-
rial. When comparing the first stages of the TG curves of the 90/10 and 50/50 bioblends, it
can be concluded that the bioblend with a higher PA content is a more thermally resistant
material. Therefore, the presence of PA in higher proportions clearly protects the matrix
of PLA. From the TG data, it was possible to evaluate the conversion and the conversion
derivative by taking into account the inorganic residual material at 600 ◦C, which was
lower than 2%.
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Figure 2 shows the conversion derivative values of PLA and PA as a function of
temperature. This graphic clearly reveals that PLA and PA degrade in a completely
different temperature range: 290–380 ◦C for PLA and 380–490 ◦C for PA. This finding
is very important because it means that we were able to study the thermal degradation
of PLA without any decomposition of PA. For this reason, it was possible to study the
influence of PA on the thermal degradation of the PLA matrix. Given that the different
materials contain 10–50% PA, the kinetic study of the degradation of PLA was considered
for conversions of PLA lower than 0.4. Within this interval (α = 0–0.4), no degradation of
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PA can occur, thus allowing for the specific study of the thermal stability of PLA in the
presence of various proportions of PA.
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heating rate = 10 K/min).

Figure 3 shows the experimental conversion curve for the bioblend containing 50/50
PLA/PA (under a nominal linear heating rate of 10 K/min) and the theoretical conversion
curve constructed by a linear combination of PLA and PA experimental curves. The
difference between these curves was caused by the additional melting process needed
to prepare the bioblend and the development of a new tridimensional structure, as a
consequence of interactions between the molecular chains of PLA and PA. At α < 0.25,
the bioblend is less resistant to heat (due to the melting process), whereas at α > 0.25, it is
more resistant (due to interactions between PLA and PA). If we consider the degradation of
single components equivalent to 5% of thermal degradation (in order to “take into account
the bioblending process”), the “modified theoretical” curve clearly shows that thermal
degradation is higher for the sum of single components compared to that of the bioblend,
thus demonstrating the protective effect of PA on the PLA matrix.
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From Figure 1, it was possible to obtain various decomposition temperatures, i.e.,
the onset decomposition (T5) and final decomposition (T95) temperatures, defined as the
temperatures at which 5% and 95% of the mass was lost, respectively, as shown in Table 2.
The values of T5 for the bioblends increased with PA content, from 315.8 ◦C to 321.2 ◦C
when the PA content increased from 10% to 50%. On the other hand, the values of T95
ranged from 455 ◦C to 554 ◦C, with an erratic variation as a function of the PA content.
Table 2 also shows other thermal parameters, i.e., conversion (αm), conversion derivative
((dα/dT)m), and temperature (Tm) at the maximum decomposition rate of PLA.

Table 2. Decomposition temperatures of the PLA/PA bioblends, at a nominal heating rate of
10 K/min.

T5 (◦C) T95 (◦C) αm Tm (◦C) (dα/dT)m
(K−1) αr Tr (◦C) (dα/dT)r

(K−1)

PLA/PA 90/10 315.8 455.0 0.54 349.8 2.39·10−2 0.45 346.1 2.38·10−2

PLA/PA 80/20 317.4 554.4 0.43 343.1 2.49·10−2 0.40 341.8 2.46·10−2

PLA/PA 70/30 318.8 540.2 0.35 339.2 2.83·10−2 0.35 339.3 1.76·10−2

PLA/PA 60/40 320.5 484.1 0.30 338.5 2.69·10−2 0.30 338.4 0.49·10−2

PLA/PA 50/50 321.2 479.2 0.27 337.6 2.01·10−2 0.25 336.6 0.18·10−2

It is clear that the presence of PA considerably modified the conversion values at the
maximum rate from 45% to 27% when the PA content increased from 10% to 50%. This
shift was essentially due to the variable content of PLA in the bioblends and also to the
presence of interactions between the PLA matrix and PA.

Table 2 also contains the temperature (Tr) and conversion derivative (dα/dT)r) values
at α = αr (reference conversion). These values are necessary to construct standardized
conversion functions, as is shown later. Usually, reference conversion is taken as being
equal to 0.5. This is correct for pure polymers. In the case of mixed polymers, this value
must not be considered. For example, for the 50/50 bioblend, a conversion of 0.5 means
the total decomposition of PLA and this cannot be considered as a reference of the PLA
thermal decomposition. For this reason, a new reference conversion was defined in this
work: αr = 0.5 x, where x is the mass fraction of PLA in bioblends. Therefore, the reference
conversions are 0.45, 0.40, 0.35, 0.30, and 0.25 for bioblends containing 90%, 80%, 70%, 60%,
and 50% PLA. Curiously, these reference conversion values are very near to the conversion
values at the maximum decomposition rate.

Figure 4 shows the results of the general analytical equation (GAE) for three theoretical
conventional mechanisms (F2, R2, and D2) for the thermal degradation of the bioblend
containing 70% PLA, under a nominal linear heating rate of 10 K/min. The experimental
data fit was excellent (r2 > 0.99) for the three kinetic models. The activation energy values
evaluated are shown in Table 3 (mean value for the three heating rates ± confidence
interval). The activation energy values for the thermal degradation of PLA depend on
the considered mechanism and the content of PA. These E values ranged, for the various
bioblends, as a function of the reaction mechanism as follows: 236–311 kJ/mol (n-order),
192–254 kJ/mol (autocatalytic), 154–205 kJ/mol (random scission), 253–334 kJ/mol (F1),
216–284 kJ/mol (R1), 441–578 kJ/mol (D1), 294–389 kJ/mol (F2), 234–308 kJ/mol (R2),
464–610 kJ/mol (D2), 340–450 kJ/mol (F3), 240–317 kJ/mol (R3), and 490–643 kJ/mol (D3).
Therefore, the activation energy values are highly influenced by the presence of PA for each
mechanism. Diffusion (D1, D2, and D3) and the F2 mechanisms had the highest activation
energies, whereas random scission, autocatalytic, and R1 had the lowest activation energies.
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Figure 4. Integral kinetic analysis by means of the general analytical equation (GAE) for the thermal
degradation of the bioblend containing 70% PLA using three theoretical conventional mechanisms
(F2, R2, and D2) (nominal heating rate = 10 K/min).

Table 3. Mean activation energies of the thermal degradation of PLA, obtained using the general
analytical equation at various heating rates, for PLA/PA bioblends containing from 50% to 90% PLA.

E (kJ/mol)

Mechanism 90/10 80/20 70/30 60/40 50/50

n-order 236 ± 4 259 ± 3 309 ± 3 311 ± 3 283 ± 3

Autocatalytic 192 ± 3 212 ± 3 253 ± 3 254 ± 3 231 ± 2

Random scission 154 ± 2 170 ± 2 204 ± 3 205 ± 3 180 ± 2

F1 253 ± 4 278 ± 4 332 ± 4 334 ± 5 300 ± 4

R1 216 ± 4 237 ± 3 283 ± 3 284 ± 3 263 ± 3

D1 441 ± 5 484 ± 5 576 ± 6 578 ± 6 536 ± 6

F2 294 ± 4 324 ± 5 386 ± 5 389 ± 5 340 ± 4

R2 234 ± 4 257 ± 3 307 ± 3 308 ± 4 281 ± 3

D2 464 ± 6 510 ± 6 607 ± 6 610 ± 5 559 ± 6

F3 340 ± 5 375 ± 5 446 ± 6 450 ± 6 384 ± 5

R3 240 ± 3 264 ± 3 315 ± 4 317 ± 4 287 ± 3

D3 490 ± 7 538 ± 7 640 ± 8 643 ± 8 584 ± 7

There was a compensation factor between the frequency factor and activation energy
for all the empirical and theoretical kinetic models and for all the materials under study.
Figure 5 shows an excellent linear relationship between LnA and E (for TG experiments
carried out at a nominal heating rate of 10 K/min). The equation relating these two
kinetic parameters is LnA (s−1) = −4.15 + 0.19 E (kJ/mol). This means that an increase
in the activation energy (i.e., a higher energy barrier for the thermal degradation) leads
to an increase in the frequency factor (i.e., a higher probability to be decomposed). This
compensation factor was also observed for the other heating rates used in this work.
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empirical and theoretical kinetic models studied and for all the bioblends analyzed (nominal heating
rate = 10 K/min).

When summarizing the results of the linear regressions, all the mechanisms led to
regression coefficients higher than 0.99 for all the bioblends. This means that all the
mechanisms are satisfactory, from a mathematical point-of view, to represent the kinetics of
the thermal degradation of the samples considered in this study. Therefore, it was necessary
to employ a method that is able to discern the best mechanism (and then it became possible
to evaluate the activation energy responsible for splitting the macromolecules, which
occurred during the thermal degradation). For this reason, an isoconversional kinetic
analysis was carried out.

Following the ICTAC recommendations [37], the Kissinger–Akahira–Sunose method
was employed:

ln

[
βi

T2
α,i

]
= Const − Eα

R
1
Tα

(4)

From this method, it was possible to evaluate the isoconversional values of the acti-
vation energy without assuming any particular form of reaction model. For this reason,
isoconversional methods are frequently called “model-free” methods. The nominal heating
rates used for this analysis were 2.5, 5, and 10 K/min. As reported by Vyazovkin et al. [37],
determination of the reaction model requires that the variation in Eα with α to be negligible
so that Eα dependence can be replaced with a single average value, Eo. In our study, no
sample exhibited a significant dependence of activation energy with conversion.

In order to elucidate the best reaction mechanism, standardized conversion functions
were successfully used to compare the experimental and theoretical data relative to the
reaction mechanisms. Theoretical values were determined using conversion functions, as
shown in Table 1, and they depended only on the reaction mechanism. On the other hand,
experimental values were calculated by means of the following equation:

f (α)
f (αr)

=
(dα/dT)
(dα/dT)r

exp
[

E
R

(
1
T
− 1

Tr

)]
(5)

where f (αr), (dα/dT)r, and Tr are the conversion function, conversion derivative, and
temperature at α = αr (reference conversion), respectively. These reference conversions are
reported in Table 2. The conversion derivative and temperature at α = αr are experimental
values and E is the activation energy previously evaluated for each of the mechanisms con-
sidered, as shown in Table 3. Therefore, the experimental values depend on the activation
energy values.
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Figure 6 shows the variation in the standardized conversion functions with the conver-
sion for two mechanisms: random scission and D1. The fitting between the experimental
and theoretical values was excellent for the random scission mechanism, but this fitting was
very poor when mechanism D1 was considered. These standardized conversion functions
give valuable information about the most suitable mechanism. However, this information
is only qualitative. In order to elucidate the most appropriate kinetic model, it was nec-
essary to develop a quantitative procedure. For this reason, an index, the integral mean
error (IME), was proposed in a previous work [38]. This index takes into consideration the
mean area under the curve of absolute error of the standardized conversion function vs.
conversion, and is defined as follows:

IME =

∫ α
0

∣∣∣∆ f (α)/ f (αr)

∣∣∣dα
∫ α

0 dα
·100 (6)
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degradation of PLA in the bioblend containing 90% PLA, when considering two reaction mechanisms:
random scission and D1.

Table 4 contains integral mean error (IME) values for all the mechanisms studied in
this work. For each bioblend, the minimum IME values were found for the random scission
mechanism (5.5–6.7%), which correspond with the lowest errors.

Table 4. Integral mean error (IME) between experimental and theoretical data of f (α)/f (αr) for various
mechanisms for the thermal degradation of PLA for bioblends containing from 50% to 90% PLA.

IME (%)

Mechanism 90/10 80/20 70/30 60/40 50/50

n-order 28.7 ± 0.7 22.9 ± 0.6 7.9 ± 0.2 7.8 ± 0.2 21.1 ± 0.5

Autocatalytic 20.3 ± 0.6 17.7 ± 0.4 7.1 ± 0.2 7.0 ± 0.2 40.1 ± 0.5

Random scission 5.5 ± 0.2 6.0 ± 0.2 6.2 ± 0.2 6.2 ± 0.2 6.7 ± 0.3

F1 20.3 ± 0.5 18.1 ± 0.4 7.2 ± 0.2 7.6 ± 0.3 25.7 ± 0.4

R1 37.2 ± 0.8 28.1 ± 0.6 11.1 ± 0.3 9.4 ± 0.3 19.5 ± 0.4

D1 87.8 ± 0.9 57.5 ± 0.8 14.5 ± 0.3 17.3 ± 0.4 27.3 ± 0.5

F2 5.8 ± 0.3 6.8 ± 0.2 8.9 ± 0.3 9.0 ± 0.3 25.7 ± 0.5
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Table 4. Cont.

IME (%)

Mechanism 90/10 80/20 70/30 60/40 50/50

R2 29.5 ± 0.6 23.4 ± 0.5 8.9 ± 0.3 7.8 ± 0.2 20.9 ± 0.4

D2 81.3 ± 0.9 54.0 ± 0.7 11.0 ± 0.3 17.1 ± 0.4 28.7 ± 0.6

F3 40.3 ± 0.7 12.2 ± 0.4 15.7 ± 0.4 12.3 ± 0.3 28.0 ± 0.7

R3 26.7 ± 0.5 21.7 ± 0.4 8.6 ± 0.3 8.0 ± 0.3 21.4 ± 0.6

D3 71.1 ± 0.7 48.9 ± 0.8 10.8 ± 0.3 17.0 ± 0.4 30.0 ± 0.7

The activation energy values of the thermal decomposition of PLA, through a random
scission mechanism, are those shown in Figure 7. These results indicate that the activation
energy increases when the PA content increases because of the protecting effect of PA on
the PLA matrix (especially for a PA content up to 30%). Indeed, the activation energy
increased by 16 kJ/mol when the PA content increased from 10% to 20%, and it increased
by 34 kJ/mol when the PA content increased from 20% to 30%. The activation energy
remained almost constant when the PA content increased from 30% to 40%. Contrarily,
an activation energy decrease of 25 kJ/mol was observed when the PA content increased
from 40% to 50%; the latter was likely due to an inversion of phases caused by the high
PA content.
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Figure 7. Activation energy values of the thermal decomposition of PLA through a random scission
mechanism: the influence of PA content.

In a previous work dealing with the morphology of PLA/PA bioblends, Cailloux et al. [39]
stated that both droplet and elongated PA domains coexisted when the PA content was
30%. The morphology transition to co-continuous was completed when the PA content was
further increased to 40%. Therefore, the bioblend morphology clearly has a protective effect
against the thermal decomposition of PLA within the bioblend. Moreover, a decrease in
the stiffness and strength and an increase in the strain were reported with an increasing PA
content. On the other hand, diffusion mechanisms led to the highest IME values (27–88%),
which are unacceptable. This is later corroborated by means of standardized conversion
function plots and y(α) master plots.

In order to check the validity of the activation energy values obtained for the thermal
degradation of PLA, y(α) master plots, as proposed by Criado et al. [40], were used:

y(α)exptal =

(
T
Tr

)2 (dα/dT)
(dα/dT)r

(7)

371



Polymers 2021, 13, 3996

y(α)theor =
f (α) g(α)

f (αr) g(αr)
(8)

These master plots are very interesting because experimental data are not dependent
on activation energy values. Figure 8 shows y(α) master plots for the thermal degradation
of PLA for the bioblend containing 90% PLA. These findings corroborate the previously
reported results, i.e., the best reaction mechanism for the thermal degradation of PLA is ran-
dom scission, whereas D1 and F2 mechanisms showed poor fitting between experimental
and theoretical data. The rest of the mechanisms also provided poor fitting. In conclusion,
the best mechanism is that of random scission of macromolecular chains, as confirmed
through three different pieces of evidence: the standardized conversion functions, IME
values, and y(α) master plots.
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The variation in conversion with temperature for the thermal degradation of PLA,
through a random scission mechanism, is evaluated as follows:

α =

[
1 − exp

[
− A R T2

β E

(
1 − 2RT

E

)
exp
(
− E

RT

)]]2

(9)

Figure 9 shows the variation in conversion with temperature when the random scis-
sion mechanism was considered for the bioblend containing 90% PLA. The fitting between
the experimental and theoretical data was excellent, thus confirming that random scis-
sion is the best mechanism with which to explain the thermal degradation of PLA in
PLA/PA bioblends.
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5. Conclusions

The thermal stability and potential degradation mechanisms of PLA in PLA/bio-based
PA 10.10 were analyzed. In this case, a matrix of a rheologically modified PLA from reactive
extrusion was employed, with the addition of 10–50% of biobased PA as a second phase.
PLA/PA bioblends (with a predominantly biosourced PA10.10) containing 10–50% PA
were prepared by melt blending in order to overcome the extreme brittleness of PLA.

The temperature at which 5% of the mass was lost (T5) increased from 315 to 321 ◦C
when the PA content increased from 10% to 50% (at a nominal heating rate of 10 K/min). On
the other hand, the temperature at which 95% of the mass was lost (T95) varied erratically
in the range 455–540 ◦C. Similar conclusions were obtained at the other heating rates
employed in this study.

The general analytical equation (GAE) was used in order to evaluate the kinetic
parameters of the thermal degradation of PLA (at conversions lower than 0.4). Various
empirical and theoretical solid-state mechanisms were tested to elucidate the best kinetic
model: n-order, autocatalytic, random scission, F1, F2, F3, R1, R2, R3, D1, D2, and D3.
Three different methodologies were used for this: the standardized conversion functions,
IME (integral mean error) indexes, and y(α) master plots, which revealed that the most
probable mechanism for the thermal degradation of PLA was random scission of the
macromolecular chains. The activation energies obtained were 154, 170, 204, 205, and
180 kJ/mol for the bioblends containing 10%, 20%, 30%, 40%, and 50% PA. These results
indicate that the activation energy increases when the PA content increases because of the
protecting effect of PA on the PLA matrix (especially for PA contents up to 30%). Indeed,
the activation energy increased by 16 kJ/mol when the PA content increased from 10%
to 20%, and it increased by 34 kJ/mol when the PA content increased from 20% to 30%.
The activation energy remained almost constant when the PA content increased from 30%
to 40%. Contrarily, an activation energy decrease of 25 kJ/mol was observed when the
PA content increased from 40% to 50%; the latter was likely due to an inversion of phases
caused by the high PA content. Therefore, the bioblend containing 30% PLA exhibited an
excellent thermal resistance against degradation. This result is in accordance with previous
rheological and morphological analyses.
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Nomenclature

A frequency factor (s−1)
E activation energy (J/mol)
f (α) conversion function (adimensional)
k kinetic constant (s−1)
R gas constant (J/mol·K)
t time (s)
T temperature (K)
w residual weight (%)
y(α) master plot as a function of conversion
Greek letters
α conversion (adimensional)
β linear heating rate (K/s)
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Abstract: Poly(L-lactic acid) (PLLA) is a biocompatible, biodegradable, and semi-crystalline polymer
with numerous applications including food packaging, medical implants, stents, tissue engineering
scaffolds, etc. Hydroxyapatite (HA) is the major component of natural bone. Conceptually, com-
bining PLLA and HA could produce a bioceramic suitable for implants and bone repair. However,
this nanocomposite suffers from poor mechanical behavior under tensile strain. In this study, films
of PLLA and HA were prepared with small amounts of nontoxic WS2 nanotubes (INT-WS2). The
structural aspects of the films were investigated via electron microscopy, X-ray diffraction, Raman
microscopy, and infrared absorption spectroscopy. The mechanical properties were evaluated via
tensile measurements, micro-hardness tests, and nanoindentation. The thermal properties were in-
vestigated via differential scanning calorimetry. The composite films exhibited improved mechanical
and thermal properties compared to the films prepared from the PLLA and HA alone, which is
advantageous for medical applications.

Keywords: PLLA; hydroxyapatite; WS2 nanotubes; biodegradable polymers; mechanical properties

1. Introduction

Poly(L-lactic acid) (PLLA) is a biocompatible, degradable, and semi-crystalline poly-
mer. It is one of the most investigated polymers for biodegradable/biocompatible ap-
plications including food packaging [1–3], medical implants [4–7], tissue engineering
scaffolds [8,9], and many more [10]. PLLA can be processed by various techniques, in-
cluding extrusion, solvent casting, 3D printing, electrospinning, etc. [11]. Hydroxyap-
atite (Ca10(PO4)6(OH))2 is the major component of natural bone [12]. Hydroxyapatite
(HA) has many stoichiometric phases, called calcium phosphate phases, with Ca/P ratios
varying between 1.67 and 1.5 [13]. All the calcium phosphate nonstoichiometric phases
are biocompatible, induce bone repair by osteoconductivity and osteoinductivity, and,
furthermore, exhibit good mechanical properties. Despite these attributes, their major
disadvantage for medical applications is their brittleness [14]. Incorporated hydroxyapatite
in the PLLA matrix can improve the flexibility of the bioceramic HA and consequently,
produce biodegradable ceramic-polymer composites, which can be an alternative to the
traditional materials used for implants or bone repair and for tissue engineering. How-
ever, both PLLA and HA and their composites suffer from low toughness, which limits
their application in the human body [15,16]. Reinforcing the PLLA/HA composite with
nanotubes of WS2 (INT-WS2) can remedy this disadvantage [6,17,18]. The INT-WS2 are
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multiwall nanostructures 1–20 µm long with diameters of 30–150 nm (aspect ratios of
50–100 and even larger). They are nontoxic [19–22] with very good mechanical properties
(Young’s modulus 150–170 GPa, bending modulus of 217 GPa, tensile strength between 10
and 22 GPa, and strain ε > 10%) [23]. Thus, by classical polymer reinforcement concepts,
they would be expected to enhance the mechanical behavior of polymer composites under
optimal conditions. However, the interface between polymer and filler is in fact a critical
factor in determining the ultimate composite strength [24]. This is particularly relevant for
nanocomposites. For carbon nanotubes, the effects of aspect ratio and interfacial strength
have been thoroughly studied [25]. Such bonding is a mixed bag—strong bonding leads to
strong, but brittle composites, while weak bonds can produce a weaker but tougher com-
posite [17]. Nonetheless, it has been shown that structurally-modified fibers can enhance
both strength and toughness [26].

Interfacial properties can be enhanced by appropriate chemical modifications: INT-
WS2 can also be readily functionalized [27,28] and dispersed in organic solvents, polymers,
epoxy resins, etc. [29–32]. HA does not disperse well in the PLLA matrix and tends
to agglomerate as secondary particles a few micrometers in size. This is because HA
is hydrophilic, while the organic solvents used to dissolve the polymers are mostly hy-
drophobic [33]. However, oleic acid (OA) is an amphiphilic surfactant, used to mediate
the interaction between the HA (hydrophilic ceramic) and a hydrophobic polymer, like
PLLA [34]. Therefore, OA induces a homogeneous dispersion of the HA in the PLLA
matrix. Previous studies conducted on PLLA/HA/INT-WS2 nanocomposites indicated
their potential for medical applications [35–38].

This report focuses on the preparation and characterization of PLLA/HA bioceramic
films reinforced by small amounts of INT-WS2. The nanocomposite was prepared via
solvent casting using OA as a dispersant. The nanocomposite morphology was investi-
gated by high-resolution scanning electron microscopy (HR-SEM). The structural aspects
were investigated by X-ray diffraction (XRD), micro-Raman spectroscopy, and Fourier
transform infrared spectroscopy (FTIR). Their mechanical properties were determined by
tensile testing, micro-hardness, nanomechanical testing, and their thermal properties by
differential scanning calorimetry (DSC).

2. Materials and Methods
2.1. Materials

Poly L-lactic acid (PLLA) with an inherent viscosity midpoint of 2.4 dL/g was pur-
chased from Corbion (Gorinchem, The Netherlands). Oleic acid (OA, ≥99%) and Hydrox-
yapatite (HA, nanopowder, <200 nm particle size (BET), ≥97%, synthetic) were purchased
from Sigma Aldrich Chemical Company (St. Louis, MO, USA).

INT-WS2 with diameters between 30 and 150 nm and lengths between 1 and 20 microm-
eters were synthesized using a published procedure [39]. Briefly, the precursor nanoparticles
of tungsten trioxide, grow into high aspect ratio tungsten suboxide nanowhiskers under a
mild reducing atmosphere at 840 ◦C. Subsequent sulfurization of the nanowhiskers results
in hollow WS2 nanotubes. A representative SEM image of the typical INT-WS2 is shown
in Figure 1.

The PLLA/HA/INT films were prepared by the solvent casting method according to
the following procedure.

• PLLA neat films: 0.75 g of PLLA powder was dissolved in 20 mL chloroform and
mechanically mixed. Subsequently, the solution was poured onto a Teflon plate for
drying in the hood with an aluminum foil cover punctuated with 10 holes.

• PLLA films with 40 wt% hydroxyapatite: 0.75 g of PLLA powder was dissolved in
15 mL chloroform; 300 mg of hydroxyapatite nanoparticles were mixed with 5 mL
chloroform and 150 µL oleic acid for 30 min. The two solutions were mixed together
using a magnetic stirrer for 5 min before pouring onto a Teflon plate and were then
dried in the hood using an aluminum foil cover punctuated with 10 holes.
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• PLLA films with 0.5 wt% INT-WS2: first, 3.8 mg INT-WS2 powder was dispersed in
5 mL ethanol for 3 min and vacuum annealed for 1.5 h at 80 ◦C. Next, 0.75 g of PLLA
powder was dissolved in 15 mL chloroform and mechanically mixed for 5 h; then
the annealed INT-WS2 were dispersed in 5 mL chloroform for 3 min. Finally, the two
solutions were mixed together using a magnetic stirrer for 5 min before pouring onto
a Teflon plate for drying in the hood with an aluminum foil cover punctuated with
10 holes.

• PLLA films with 40 wt% hydroxyapatite and 0.25, 0.5, and 0.75 wt% INT-WS2: first,
1.9, 3.8, or 5.6 mg of INT-WS2 powder were dispersed in 5 mL ethanol for 3 min and
vacuum annealed for 1.5 h at 80 ◦C. Next, 0.75 g PLLA powder was dissolved in
10 mL chloroform, while 300 mg of hydroxyapatite nanoparticles were dispersed in
5 mL chloroform and 150 µL oleic acid for 30 min. Afterward, the annealed INT-WS2
were dispersed in 5 mL chloroform for 3 min. Finally, the three solutions were mixed
together using a magnetic stirrer for 5 min before pouring onto a Teflon plate for
drying in the hood with an aluminum foil cover punctuated with 10 holes.
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Figure 1. SEM view of an assortment of WS2 nanotubes.

The dried samples were vacuum annealed for 5 days at 45 ◦C [36]. The thickness of
the films was determined by caliper and was, on average, 80 µm for pure PLLA; 113 µm for
PLLA+HA; 93 µm for PLLA+HA+INT. The densification of the films upon the addition of
the nanotubes is attributed to the alignment of the polymer molecules along the nanotube
surface. The texturing of the polymer molecules is indirect evidence of the non-specific but
nevertheless strong nanotube–polymer interfacial interaction and explains the mechanical
reinforcement of the PLLA by the INT (see below).

2.2. Characterization Techniques
2.2.1. X-ray Diffraction

X-ray diffraction (XRD) was performed for various nanocomposite films in reflection
geometry using Rigaku (Tokyo, Japan) theta-theta diffractometers: an Ultima III equipped
with a sealed cooper anode tube operating at 40 kV/40 mA and a TTRAX III equipped with
a rotating copper anode X-ray tube operating at 50 kV/200 mA. A scintillation detector
was aligned at the diffracted beam after a bent Graphite monochromator, which was used
for X-ray cleaning, effectively removing Kβ. 2θ/θ scans were carried out at specular
conditions in Bragg–Brentano mode with variable slits with a step size of 0.025◦ and a
scan speed of 0.5 degrees per minute. Quantitative phase analysis, degree of crystallinity,
and crystallite size (coherent scattering length) estimations were made using the Pawley-
based [40] Whole Pattern Fitting (WPF) module in the Jade Pro software (Materials Data,
Inc., Livermore, CA, USA) and PDF-4+ 2020 database (ICDD). According to the Pawley
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method, the structural data for each component of the nanocomposite film is fitted to the
measured XRD pattern by non-linear least-squares optimization at each diffraction point.
The modeling parameters include instrumental zero error, the intensity of each reflection
with indices (hkl), profile parameters, and lattice constants. The crystallite sizes were also
estimated according to the Scherrer formula.

2.2.2. High-Resolution Scanning Electron Microscopy (HR-SEM)

For HR-SEM, cross-sections of the samples were prepared by breaking the film, which
was first immersed in liquid nitrogen for ten minutes for hardening. The composite
samples were mounted on aluminum stubs using two-sided carbon tape. Scanning electron
microscope (SEM) images were acquired using the Ultra 55 (Zeiss, Oberkochen, Germany).
at 8 kV and 30 µm aperture, in both secondary electron (SE) and backscattering electron
(BSE) modes. SEM imaging was followed by the acquisition of energy-dispersive X-ray
spectroscopy (EDS) hypermaps with a four-quadrant retractable detector mounted above
the sample (QUANTAX FlatQUAD EDS, Bruker, Billerica, MA, USA). The normalized X-ray
intensity maps of the following element lines were produced from the EDS data: C-Kα,
O-Kα, S-Kα, P-Kα, Ca-Kα, and W-M. In order to avoid sample charging that could alter the
effective potential on the sample surface and therefore influence the EDS measurements,
the samples were coated with a conductive carbon film, 5 nm thick using the CCU-010
HV coater (Safematic, Zizers, Switzerland), prior to the EDS analysis. The EDS signals
were acquired at 8 kV. This energy was set according to the highest-energy X-ray line
that was measured, in this case, Ca-Kα (3.69 keV). For successful EDS measurements, the
acceleration voltage should be set to 1.5–3 times the highest measured-energy line.

2.2.3. Tensile Testing

The mechanical properties of the films under tension were measured by performing
tensile tests, using an Instron-5965 (Instron, Norwood, MA, USA) equipped with a 5 kN
load cell at room temperature and a stretching speed of 1 mm/min. The samples were cut
into strips 5 mm wide and 50 mm long. The gauge length of the tested strip was 30 mm.
Three specimens were tested for each type of sample, and the results were given as average
values and standard deviation. The load and displacement were recorded by dedicated
software provided by the manufacturer (Bluehill3, Norwood, MA, USA). The significance
of the differences between samples was evaluated using a 2-tailed T-test.

2.2.4. Micro-Hardness Test

Micro Vickers hardness test was performed using HMV-G21 ST (Shimadzu, Tokyo,
Japan). A load of HV 0.025 (0.2452 N) was applied to the sample and held for 10 sbefore
release. Prior to the measurement, each sample was rubbed 5 times on a silicon-carbide
(SiC) paper (1200 grit). Five indentation tests were performed for each type of sample, and
the results were given as average values and standard deviation.

2.2.5. Nanomechanical Testing

Nanoindentation was performed on a XP Nanoindenter (KLA-Tencor, Milpitas, CA, USA),
using a 10 µm diameter spherical diamond indenter tip. The area function of this probe was
calibrated on a sample of poly (methyl methacrylate), with Young’s modulus of 2.9 GPa.
The samples (approximately 100 micrometers thick) were attached to the stub with a very
thin layer of epoxy. Indentations were performed to a depth of 1200 nm at a constant
strain rate of 0.1 s−1, using continuous stiffness measurement (CSM) [41]. In this method, a
small (2 nm) oscillation is superimposed on the loading ramp, which allows continuous
measurement of Oliver and Pharr modulus and hardness with depth [42]. The reported
measurements represent average CSM values between 400 and 800 nm depth, over which
the traces have levelled out to a constant value. Sets of 8 indentations were made at
2–3 different positions on the sample, and indentations for which the curve did not level
out by 400 nm depth were discarded.
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2.2.6. Differential Scanning Calorimeter (DSC)

DSC Q200 (TA Instruments, New Castle, DE, USA) was used for the analysis of the
thermal properties of the samples and their degree of crystallinity. The samples were
placed in an aluminum pan and heated from 30 ◦C to 200 ◦C; the temperature 200 ◦C
was held for 3 min then lowered back to 30 ◦C at a rate of 10 ◦C/min and held for 3 min.
This cycle was performed in order to erase the thermal history. In the second series of
measurements, the temperature was raised to 200 ◦C, held for 3 min and lowered back
to 30 ◦C. Here the temperature scan was performed at a rate of 10 ◦C/min and under a
50 mL/min nitrogen flow rate. From the midpoint of the (heating scan) thermograms,
the glass transition (Tg), cold crystallization (Tcc), and melting (Tm) temperatures were
determined. The crystallization temperature (Tc) was determined from the cooling scan.
The degree of crystallinity was calculated from the DSC curves in two ways:

Xc =
(∆Hm − ∆Hcc)

∆H◦
m

× 100% (1)

for heating [43,44], and

(1− λ) =
∆Hc

∆H◦
m

(2)

for cooling [45].
∆Hm, ∆Hcc (heating), and ∆Hc (cooling) are the melting enthalpy, cold crystallization

enthalpy, and crystallization enthalpy (J/g), respectively; ∆H
◦
m is the heat of fusion for

completely crystallized PLA (93 J/g).

2.2.7. Micro-Raman Spectroscopy

Raman spectroscopy was performed using a Horiba-Jobin Yivon (Lille, France) LabRAM
HR Evolution micro-Raman set-up with a 532 nm wavelength, solid-state laser. Both spec-
tral measurements of the samples and the Raman mapping of PLLA film with 40 wt% HA
and 0.5 wt% INT-WS2 were carried out using 600 grooves/mm grating, spectral range
between 70 and 1700 cm−1, with 30 s for each spectrum. The reported spectra represent
the average of two measurements. The Raman spectra were obtained over all composites
of PLLA and HA and INT-WS2 film, while the mapping was performed on an area of
10 × 10 µm2 of the PLLA film with 40 wt% HA and 0.5 wt% INT-WS2.

2.2.8. Fourier Transform Infrared Spectroscopy (FTIR)

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
was performed using Alpha-T (Bruker, Billerica, MA, USA) in the range of 375 cm−1 to
4000 cm−1.

3. Results and Discussion
3.1. X-ray Diffraction

A comparison between the XRD patterns of the nano-composite films and HA powder
is shown in Figure 2. The XRD pattern of the composite PLLA and HA and INT-WS2
film contains peaks of the different components, which indicates that the composition and
structure of PLLA and HA and nanotubes are not affected by the fabrication process of
the film.

Using the Pawley-based WPF analysis, the degree of crystallinity of the samples was
calculated by comparing the total area under all the crystal peaks and the area under
the amorphous halo. The results are presented in Table 1. The degree of crystallinity of
the PLLA film is calculated to be 32.8%. After adding 0.5 wt% of INT-WS2 the degree of
crystallinity is nearly unchanged at 33.2%. However, after adding HA nanoparticles to the
PLLA film, the degree of crystallinity increased significantly to 37.1%, rising slightly more
after the addition of INT-WS2 at the different wt% values.
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Table 1. The degree of crystallinity of PLLA film and HA/INT-WS2/PLLA nanocomposites.

Sample Type Degree of Crystallinity (%) Average Crystallite Size
(Å)

WPF Scherrer WPF
PLLA HA

PLLA film 32.8 ± 0.9 170 171 ± 2 –
PLLA film with 40 wt% HA 37.1 ± 3.0 130 128 ± 5 291 ± 18

PLLA film with 0.5 wt% INT-WS2 33.2 ± 1.6 165 162 ± 2 –
PLLA film with 40 wt% HA and 0.25 wt% INT-WS2 38.2 ± 2.5 145 145 ± 5 331 ± 20
PLLA film with 40 wt% HA and 0.5 wt% INT-WS2 42.7 ± 2.7 140 144 ± 4 353 ± 19
PLLA film with 40 wt% HA and 0.75 wt% INT-WS2 42.1 ± 2.2 150 145 ± 4 342 ± 16

The average crystallite size of the different compositions was estimated using the
Williamson–Hall approach from the XRD peak widths fitted in the Pawley-based WPF
analysis and the Scherrer equation using the main peak of the PLLA at 16.5◦ and is also
reported in Table 1. The largest crystallite size (171 Å) occurs for the neat PLLA film. As
expected, the foreign ingredients (HA and INT) serve as crystallization nuclei for the PLLA
and reduce its average crystallite size.

3.2. High-Resolution Scanning Electron Microscopy (HR-SEM)

Figure 3 shows the SEM images of HA powder (Figure 3A), and a cross-section
of PLLA with 40 wt% HA film in secondary electron (SE) mode (Figure 3B,C). Visibly
(Figure 3A), the HA particles constitute a bimodal size distribution made of micron-size
agglomerates and a majority phase of well-dispersed HA nanoparticles (<50 nm). The
surface of the large agglomerates is decorated with small HA NPs. However, the same
agglomerates appear to have a smooth and uniform surface, i.e., free of the decorating HA
NPs after being incorporated into the polymer (Figure 3B—marked with green arrows). To
further understand this effect, the HA phase was washed in an ultrasonic bath with the
polymer-free solvent (chloroform) containing OA. The surface of the large spherical HA
agglomerates was smooth and free of the HA NP decoration after this washing procedure.
Therefore, the solvent treatment appears to be responsible for the “cleaning” of the HA
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spherical agglomerates. These smooth spherical agglomerates of HA are likely to impair
the mechanical properties of the film.

Polymers 2021, 13, x FOR PEER REVIEW 8 of 21 
 

 

 
Figure 3. HR-SEM images (secondary electrons—SE mode) of pure HA powder (A) and PLLA film reinforced with 40 
wt% HA observed in the SE mode at two magnifications, scale bars are 2 μm (B) and 1 μm (C). Green arrows point to the 
spherical agglomerates of HA nanoparticles. Red arrows point to pits formed by the pullout of the HA agglomerates 
during film breakage. 

HR-SEM images of the cross-section of PLLA reinforced with 40 wt% HA and 0.75 
wt% INT-WS2 are presented in Figure 4. It can be seen in Figure 4A that there is no phase 
separation and consequently the nanotubes PLLA and the HA NPs are compatible and 
form a uniformly mixed matrix. The nanotubes protrude from the broken surface, which 
indicates that they carry some of the applied stress transferred to them from the matrix. 
In addition, BSE analysis shows that the INT-WS2, which are shown as bright stripes due 
to their relatively high atomic number, are fully dispersed in the PLLA matrix. 

 
Figure 4. HR-SEM images of PLLA film reinforced with 40 wt% HA and 0.75 wt% INT-WS2 film in SE mode (A), scale bar 
is 1 μmm (B) BSE mode, scale bar is 500 nm. 

Visibly, the nanotubes protrude from the PLLA matrix, suggesting that they reinforce 
the polymer via bridging and pullout mechanisms [46,47]. 

Figure 3. HR-SEM images (secondary electrons—SE mode) of pure HA powder (A) and PLLA film reinforced with 40 wt%
HA observed in the SE mode at two magnifications, scale bars are 2 µm (B) and 1 µm (C). Green arrows point to the
spherical agglomerates of HA nanoparticles. Red arrows point to pits formed by the pullout of the HA agglomerates during
film breakage.

Figure 3B,C show that the HA nanoparticles (NPs) were well dispersed in the polymer
matrix. i.e., no phase separation or excessive additional agglomeration was observed,
which was not the case in the absence of OA. Furthermore, Figure 3C shows that the HA
agglomerates (>0.5 µm) were not damaged during the film breaking process, but were
uprooted as a whole from the polymer matrix surface. Furthermore, the hemispherical
depressions in Figure 3C (red arrows) appear to be remnants of entire HA agglomerates,
which were uprooted from the polymer matrix during fracture, possibly being stuck to the
other surface of the broken contact. Consequently, one can conclude that the strain was not
well transferred to these agglomerates during fracture, and hence they adversely affected
the mechanical strength of the film.

HR-SEM images of the cross-section of PLLA reinforced with 40 wt% HA and
0.75 wt% INT-WS2 are presented in Figure 4. It can be seen in Figure 4A that there is
no phase separation and consequently the nanotubes PLLA and the HA NPs are compati-
ble and form a uniformly mixed matrix. The nanotubes protrude from the broken surface,
which indicates that they carry some of the applied stress transferred to them from the
matrix. In addition, BSE analysis shows that the INT-WS2, which are shown as bright
stripes due to their relatively high atomic number, are fully dispersed in the PLLA matrix.

383



Polymers 2021, 13, 3851

Polymers 2021, 13, x FOR PEER REVIEW 8 of 21 
 

 

 
Figure 3. HR-SEM images (secondary electrons—SE mode) of pure HA powder (A) and PLLA film reinforced with 40 
wt% HA observed in the SE mode at two magnifications, scale bars are 2 μm (B) and 1 μm (C). Green arrows point to the 
spherical agglomerates of HA nanoparticles. Red arrows point to pits formed by the pullout of the HA agglomerates 
during film breakage. 

HR-SEM images of the cross-section of PLLA reinforced with 40 wt% HA and 0.75 
wt% INT-WS2 are presented in Figure 4. It can be seen in Figure 4A that there is no phase 
separation and consequently the nanotubes PLLA and the HA NPs are compatible and 
form a uniformly mixed matrix. The nanotubes protrude from the broken surface, which 
indicates that they carry some of the applied stress transferred to them from the matrix. 
In addition, BSE analysis shows that the INT-WS2, which are shown as bright stripes due 
to their relatively high atomic number, are fully dispersed in the PLLA matrix. 

 
Figure 4. HR-SEM images of PLLA film reinforced with 40 wt% HA and 0.75 wt% INT-WS2 film in SE mode (A), scale bar 
is 1 μmm (B) BSE mode, scale bar is 500 nm. 

Visibly, the nanotubes protrude from the PLLA matrix, suggesting that they reinforce 
the polymer via bridging and pullout mechanisms [46,47]. 

Figure 4. HR-SEM images of PLLA film reinforced with 40 wt% HA and 0.75 wt% INT-WS2 film in SE mode (A), scale bar
is 1 µmm (B) BSE mode, scale bar is 500 nm.

Visibly, the nanotubes protrude from the PLLA matrix, suggesting that they reinforce
the polymer via bridging and pullout mechanisms [46,47].

EDS elemental mappings of the PLLA film with 40 wt% HA and 0.75 wt% INT-WS2
are presented in Figure 5. The carbon mapping displayed in Figure 5B shows that the
strong carbon signal is evenly distributed throughout the film. This observation reflects
the fact that the matrix of the material is PLLA whose chemical composition is mostly
carbon. Figure 5C presents the phosphorus mapping, which is a major component of
HA. It can be seen that the HA NPs are well dispersed throughout the film. The bimodal
(size) distribution with distinct micron and submicron-sized spherical agglomerates and
evenly distributed HA nanoparticles is clearly discernable. The INT-WS2 distribution is
represented by the tungsten mapping in Figure 5D, which shows that the nanotubes are
well dispersed in the PLLA matrix.
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3.3. Tensile Test

The mechanical properties derived from the stress–strain curves of the films are
displayed in Figure 6 and are also presented in Table 2.
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Table 2. The mechanical properties of PLLA film and HA/INT-WS2/PLLA nanocomposites from tensile testing.

Sample Type Young’s Modulus
(GPa)

Yield Strength
(MPa)

Strain at Failure
(%)

Toughness
(MPa)

PLLA film 1.55 ± 0.15 31.0 ± 2.4 2.7 ± 1.3 0.6 ± 0.2
PLLA film with 40 wt% HA 2.4 ± 0.1 26.7 ± 1.1 2.1 ± 0.1 0.3 ± 0.1

PLLA film with 0.5 wt% INT-WS2 2.25 ± 0.2 44.6 ± 4.65 6.8 ± 1.0 2.4 ± 0.5
PLLA film with 40 wt% HA and 0.25 wt% INT-WS2 2.7 ± 0.4 42.5 ± 5.8 7.3 ± 1.0 2.6 ± 0.3
PLLA film with 40 wt% HA and 0.5 wt% INT-WS2 3.8 ± 0.5 62.7 ± 1.2 3.2 ± 1.6 1.4 ± 0.7
PLLA film with 40 wt% HA and 0.75 wt% INT-WS2 2.7 ± 0.35 39.6 ± 4.9 5.8 ± 0.7 1.8 ± 0.25

The Young’s modulus of PLLA film with 40 wt% HA (2.4 GPa) increased 1.5 times
compared to the neat PLLA film (1.55 GPa), while the yield strength (26.7 MPa) and strain
at failure (2.1%) of PLLA film with 40 wt% HA decreased to 0.85 and 0.75 of their values,
respectively. Therefore, the toughness (area under the curve) of PLLA film with 40 wt%
HA (0.3 MPa) was reduced by half compared to that of neat PLLA film (0.6 MPa). This is
not surprising, since the HA is an oxide with a small strain to failure. Also, the binding
of the HA to the PLLA is not chemical in nature and is rather weak (mostly van der
Waals and polar interactions). These two factors adversely affect the fracture toughness
of the composite. However, the indentation hardness and modulus of the PLLA+HA
composite are appreciably higher than that of pure PLLA (see below). Obviously, the most
rational way to mediate between the HA and the PLLA phases and increase the mechanical
properties of the nanocomposite would be through surface functionalization [48]. The
surface functionalization must have chemical versatility and biocompatibility in order to
permit the three constituents (PLLA, HA, and INT-WS2) to optimally interact with each
other and exhibit no biotoxicity effects.

The Young’s modulus and yield strength of PLLA film with 0.5 wt% INT-WS2
(2.25 GPa and 44.6 MPa, respectively) increased 1.45 times compared to the neat PLLA
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film, while the strain at failure of the film with 0.5 wt% INT-WS2 (6.8%) increased 2.5 times.
Therefore, the toughness (area under the curve) of the PLLA film with 0.5 wt% INT-WS2
(2.4 MPa) increased significantly by four times compared to the toughness of the neat PLLA
film [36].

The Young’s modulus of the PLLA film with 40 wt% HA and 0.5 wt% of INT-WS2
(3.8 GPa) increased up to 1.7 times compared to the PLLA film with 40 wt% HA and the
PLLA film with 0.5 wt% INT-WS2. The yield strength of the PLLA film with 40 wt% HA
and 0.5 wt% of INT-WS2 (62.7 MPa) increased by 2.35 and 1.4 times compared to the PLLA
film with 40 wt% HA and the PLLA film with 0.5 wt% INT-WS2. The strain at failure
of the PLLA film with 40 wt% HA and 0.5 wt% of INT-WS2 (3.2%) increased 1.5 times
compared to the PLLA film with 40 wt% HA. However, the PLLA film with HA and
0.5 wt% INT-WS2 had strain at failure only half the value of the PLLA film and 0.5 wt%
of INT-WS2. Therefore, the toughness of the PLLA film with 40 wt% HA and 0.5 wt%
INT-WS2 (1.4 MPa) increased significantly by 4.7 times compared to the PLLA film with
40 wt% HA and decreased to 0.6 times the value of the PLLA film with 0.5 wt% INT-WS2.

3.4. Micro-Hardness Test

Figure 7 shows the results of the micro-hardness test of PLLA film and the PLLA/HA/
INT-WS2 nanocomposites.
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Figure 7. Vickers micro-hardness test of PLLA film and HA/INT-WS2/PLLA nanocomposites.

The addition of HA nanoparticles to the PLLA film increased the hardness value
(26.8 HV) by 1.4 times compared to the hardness value of the neat PLLA film (18.9 HV). In
addition, the hardness of the PLLA film with 0.5 wt% INT-WS2 (23 HV) increased 1.2 times
compared to the hardness of the neat PLLA film, with a significance level of p = 0.1 for a
two-tailed T-test.

A more significant increase in hardness was achieved with the combination of HA
and INT-WS2 in PLLA. The optimum hardness value was obtained for the films containing
PLLA with 40 wt% HA NPs and 0.5 wt% INT-WS2 with 38.5 HV, a value that is two times
higher than the hardness of the pure PLLA film. It can be deduced that a small number of
nanotubes added to the matrix can bridge the gap between the HA nanoparticles creating
a uniform network of hardening material [49,50]. Beyond the optimal concentration of
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0.5 wt%, the nanotubes have a deleterious effect on the hardness of the nanocomposite,
likely due to agglomeration [51].

3.5. Nanomechanical Testing (Nanoindentation Tests)

While micro-hardness measurements provide an average hardness value, the small
domain size in the present nanocomposite calls for a more local measurement, which serves
to reveal inhomogeneities in the film. The results from the nanoindentation analysis are
presented in Table 3 and are consistent with the Vickers micro-hardness tests reported
above (Section 3.4).

Table 3. Parameters determined from the nanoindentation of PLLA film and HA/INT-WS2/PLLA
nanocomposites.

Sample Type Young’s Modulus (GPa) Hardness (GPa)

PLLA film 3.3 ± 0.4 0.16 ± 0.05
PLLA film with 40 wt% HA 4.9 ± 0.7 0.24 ± 0.06

PLLA film with 0.5 wt% INT-WS2 3.4 ± 0.7 0.18 ± 0.08
PLLA film with 40 wt% HA and 0.25 wt% INT-WS2 5.6 ± 1.2 0.36 ± 0.15
PLLA film with 40 wt% HA and 0.5 wt% INT-WS2 4.6 ± 0.8 0.25 ± 0.08

PLLA film with 40 wt% HA and 0.75 wt% INT-WS2 4.3 ± 0.6 0.22 ± 0.07

The addition of 0.5 wt% INT-WS2 to the PLLA film caused almost no change in the
Young’s modulus (3.4 GPa) and hardness (0.18 GPa) values compared to the parameters of
the neat PLLA film with Young’s modulus of 3.3 GPa and hardness of 0.16 GPa. However,
the Young’s modulus and hardness of the PLLA film with 40 wt% HA (4.9 GPa, 0.24 GPa)
each increased by 1.5 times compared to the Young’s modulus and hardness of the neat
PLLA film. The addition of a small number of nanotubes to the PLLA film with HA
increased the Young’s modulus and hardness significantly with the optimum being at the
lowest concentration measured—0.25 wt% INT-WS2. The Young’s modulus and hardness
of the PLLA film with 40 wt% HA and 0.25 wt% INT-WS2 (5.6 GPa, 0.36 GPa) were
significantly larger than that of the neat PLLA film, increasing by 1.7 and 2.25 times,
respectively. These values were also higher than those for the PLLA+HA. Notwithstanding
the large fraction of HA in the film (40 wt%), the hardness values measured here are more
than an order of magnitude lower than those reported for a pure HA single crystal [52].
We ascribe the relatively low hardness to the presence of HA NPs agglomerates, which
degrade the mechanical properties of the material as suggested above (Section 3.2), as well
as the weak links between the HA and the PLLA. Should the HA, PLLA, and the INT be
intimately and strongly bound together via surface functionalization, the picture would
probably be different and the overall mechanical properties of the nanocomposite would
be much improved.

Larger statistical variations for some of the composite samples are consistent with
local inhomogeneities in the nanoparticles’ distribution, as is supported by the EDS mea-
surements and mapping, and the Raman studies (below). Nanoindentation results show
relative uncertainties an order of magnitude higher in comparison with the micro-hardness
data. This can be attributed to the scale of the inhomogeneities within the sample: EDS map-
pings in Figure 5 show HA “pockets” of several µm extent, and WS2 inhomogeneities on a
smaller scale. The area of the microindentation imprint varies between 1000 and 2500 µm2

(axial length of 30–50 µm) whereas for the nanoindentations the relevant indentation size
is 4–5 µm, which is on the scale of the HA pockets, and INT length.

3.6. Thermal Properties of PLLA Film and HA/INT-WS2/PLLA Nanocomposites by DSC

The thermal behavior of the different PLLA films and PLLA/HA/INT-WS2 nanocom-
posites films were measured using DSC. The results are summarized in Table 4, and the
heating and cooling curves are presented in Figure 8.
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Table 4. Thermal properties of PLLA film and HA/INT-WS2/PLLA nanocomposites.

Sample Type Tg
(◦C)

Tcc
(◦C)

∆Hcc
(J/g)

Tm
(◦C)

∆Hm
(J/g)

Tc
(◦C)

∆Hc
(J/g)

Xc
(%)

(1 − λ)c
(%)

PLLA film 61.5 114.1 32.1 179.6 39.1 101.6 2.0 7.5 2.2
PLLA film with 40 wt% HA 62.7 93.6 3.2 177.6 33.2 96.9 5.6 32.2 6.0

PLLA film with 0.5 wt% INT-WS2 66.7 107.9 3.1 181.7 34.3 116.9 34.2 33.5 36.7
PLLA film with 40 wt% HA and 0.25 wt% INT-WS2 62.9 93.5 4.8 177.3 31.1 97.2 8.5 28.3 9.2
PLLA film with 40 wt% HA and 0.5 wt% INT-WS2 62.9 92.6 2.5 177.2 32.6 98.3 5.5 32.3 5.9
PLLA film with 40 wt% HA and 0.75 wt% INT-WS2 62.6 95.2 2.4 177.0 32.3 99.3 5.0 32.1 5.4
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The addition of 40 wt% HA nanoparticles to the PLLA film increased the glass transi-
tion temperature (Tg) (62.7 ◦C) by merely 1.9% compared to the neat PLLA film (61.5 ◦C).
The addition of 0.5 wt% INT-WS2 to the PLLA film increased Tg (66.7 ◦C) significantly by
8.5% compared to the Tg of the neat PLLA film. Therefore, the PLLA film with 0.5 wt%
INT-WS2 has the highest thermal deformation resistance of the films tested.

The cold crystallization temperature (Tcc) of the PLLA film with 0.5 wt% INT-WS2
(107.9 ◦C) is lower than the Tcc of the neat PLLA film (114.1 ◦C). In addition, the PLLA film
with 40 wt% HA has lower Tcc (93.6 ◦C) than both the neat PLLA film and the PLLA film
with 0.5 wt% INT-WS2, which indicates that the PLLA with 40 wt% HA NPs film consists
of smaller crystallites, compared to the neat PLLA film. The lower ∆Hcc of PLLA film with
40 wt% HA and PLLA film with 0.5 wt% INT-WS2 compared to the neat PLLA film also
indicates the presence of bigger PLLA crystallites in the neat PLLA film, which is consistent
with the findings from XRD (see discussion of Table 1 data, above).

The addition of 40 wt% HA nanoparticles to the PLLA reduced Tm (177.6 ◦C) compared
to the neat PLLA film (179.6 ◦C), while the addition of 0.5 wt% INT-WS2 resulted in
increased Tm (181.7 ◦C). Therefore, the PLLA film with 0.5 wt% INT-WS2 has the highest
thermal stability [36]. The ∆Hm values of the PLLA films with 40 wt% HA (33.2 J/g) and
PLLA film with 0.5 wt% INT-WS2 (34.3 J/g) are lower compared to the PLLA film (39.1 J/g).
Therefore, the HA nanoparticles and the INT-WS2 each, independently lower the energy
required for breaking the polymer chain-chain interactions. The lower Tc and higher ∆Hc
of PLLA film with 40 wt% HA (96.9 ◦C, 5.6 J/g) compared to the PLLA film (101.6 ◦C,
2.0 J/g), shows that the PLLA with 40 wt% HA film has a higher cooling rate [53–55] and
smaller crystal nuclei. The higher Tc and higher ∆Hc of PLLA film with 0.5 wt% INT-WS2
(116.9 ◦C, 34.9 J/g) compared to the PLLA film, indicate that the PLLA film with 0.5 wt%
INT-WS2 has a lower cooling rate and even smaller crystal nuclei.

The degree of crystallinity (Xc and (1 − λ)c) of the PLLA film with 40 wt% HA (32.2%,
6.0%) is higher compared to the neat PLLA film (7.5%, 2.2%), which indicates that the PLLA
film with 40 wt% HA is harder and denser than the neat PLLA film. However, the Xc and
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(1 − λ)c of PLLA film with 0.5 wt% INT-WS2 (33.5%, 36.7%) are even higher compared
to the PLLA film with 40 wt% HA, therefore, the PLLA film with 0.5 wt% INT-WS2 is
the hardest, and the densest film among the three [56–58]. However, the results of the
micro-hardness test and the nanoindentation tests, show that the hardest film among the
three is not the PLLA film with 0.5 wt% INT-WS2, but the PLLA film with 40 wt% HA.
The reason for the difference between the estimated hardness trend and the mechanical
measurements could possibly be linked to the nuclei size. The crystallites of the PLLA film
with 0.5 wt% INT-WS2 are larger than the crystallites of the PLLA film with 40 wt% HA.
Although this is a very different material, these results are consistent with the Hall–Petch
effect, usually associated with polycrystalline metallic films. According to this law, as
the size of the crystallites is reduced, the area of their grain boundaries increases; thereby
increasing the hardness of the material [59,60].

PLLA films with 40 wt% HA and 0.25–0.75 wt% INT-WS2 have thermal properties (Tg,
Tcc, Tm, and Tc) similar to the PLLA film with 40 wt% HA. Consequently, the PLLA film
with 40 wt% HA and 0.25–0.75 wt% INT-WS2 have smaller thermal deformation resistance,
crystallite size, thermal stability, and lower cooling rate compared with the PLLA film with
0.5 wt% INT-WS2. However, the PLLA film with 40 wt% HA and 0.25–0.75 wt% INT-WS2
have better thermal deformation resistance, smaller crystallites, smaller thermal stability,
and lower cooling rate compared to the neat PLLA film.

The ∆Hcc of PLLA film with 40 wt% HA and 0.5–0.75 wt% INT-WS2 (2.5–2.4 J/g) is
lower compared to the other samples, which is attributed to the smaller crystallites in the
nanocomposite films, due to the combined addition of HA nanoparticles and INT-WS2 to
the PLLA film. The PLLA film with 40 wt% HA and 0.25 wt% INT-WS2 has lower ∆Hcc
(4.8 J/g) compared to the neat PLLA film and higher ∆Hcc compared to the rest of the
samples. This data demonstrates that the addition of a small amount of INT-WS2 combined
with 40 wt% HA produced smaller crystallites compared to the neat PLLA film. The ∆Hm
of the PLLA film with 40 wt% HA and 0.25–0.75 wt% INT-WS2 is lower compared to the
other samples, thus the combined addition of HA nanoparticles and INT-WS2 to the PLLA
film decreased the flexibility of the polymer chains and the energy required to break the
interaction between the polymer chains.

PLLA films with 40 wt% HA and 0.25–0.75 wt% INT-WS2 have similar Xc and (1 − λ)c
to the PLLA film with 40 wt% HA, but lower Xc and (1 − λ)c compared to the PLLA film
with 0.5 wt% INT-WS2. The Xc and (1 − λ)c of PLLA films with 40 wt% HA and 0.5 wt%
and 0.75% INT-WS2 are very similar; thus they are equally hard. However, the PLLA film
with 40 wt% HA and 0.25 wt% INT-WS2 has lower Xc but higher (1 − λ)c compared to the
PLLA film with 40 wt% HA and 0.5–0.75 wt% INT-WS2. Therefore, the PLLA film with
40 wt% HA and 0.25 wt% INT-WS2 is more elastic and but not as hard as the PLLA films
with 40 wt% HA and 0.5–0.75 wt% INT-WS2. This is in agreement with the results of the
mechanical properties (Section 3.3).

3.7. Micro-Raman Spectroscopy

The Raman spectra of the different PLLA films and PLLA/HA/INT-WS2 nanocom-
posite films are presented in Figure 9. The PLLA film with 40 wt% HA and the neat
PLLA film has exactly the same pattern of peaks as well as identical energies (873 cm−1,
1452 cm−1) [61,62], except for the peak of the HA at 960 cm−1 [63]. In addition, comparing
the PLLA film with 0.5 wt% INT-WS2 to the neat PLLA film also shows the same pattern of
peaks and intensity, except for the peaks of the INT-WS2 at 350 cm−1 and 418 cm−1 [64].
The match between the different spectral patterns is excellent, indicating that no chemical
reaction took place between the different ingredients of the nanocomposite, as all the
identified peaks belong to the pure reagents, with no missing peaks. Hence the chemical
composition of the PLLA was not affected by the addition of the HA NPs and INT-WS2, or
from the preparation of the film as suggested above (Section 3.1).
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Figure 9. Raman spectra of the different PLLA films and PLLA/HA/INT-WS2 nanocomposites films. The Raman peak of
the oleic acid is shown in the inset.

The band at 1379 cm−1 is associated with chloroform [65]. That band can be seen in
the spectra of all the different PLLA films and PLLA/HA/INT-WS2 nanocomposites films.
The existence of this peak indicates that residual amounts of the solvent remain in the films.
The presence of solvent residues can significantly alter the mechanical properties of the
nanocomposite film and its long-term behavior [66–68].

The film of PLLA with 0.5 wt% INT-WS2 and the films of PLLA with 40 wt% HA and
0.25–0.75 wt% INT-WS2 present peaks at 350 cm−1 and 418 cm−1, which are associated
with the E2g and A1g modes of the INT-WS2 [69].

OA is a component that was incorporated only into the films of PLLA with 40 wt%
HA and 0.25–0.75 wt% INT-WS2 (see Section 2.1). However, the main peak associated with
the OA at 1655 cm−1 [70] is rather small and can be observed by focusing on the portion
of the spectrum near this peak (red dashed square) and magnifying the scale. The low
intensity of the peak reflects the fact that the OA concentration is very low in the films
(150 µL).

Raman intensity mappings of the PLLA with 40 wt% HA and 0.5 wt% INT-WS2 films
were carried out and are displayed in Figure 10.

Intensity mapping of the PLLA peak at 873 cm−1 (blue) shows a relatively uniform
Raman light scattering intensity on the entire scanned area, with a minimum value of 60%
with respect to the maximum (normalized) intensity. This indicates, as suggested above,
that the PLLA film was uniform and that it was not affected by the addition of the solvent,
HA, or and INT-WS2, nor from the fabrication process of the film. The result also shows
that no chemical reactions occurred between the four main components during their mixing
and processing of the film. Furthermore, the intensity mapping of HA NPs at 960 cm−1

(green) shows a good dispersion of the HA nanoparticles in the film, which confirms the
observation of a uniform HA distribution obtained via SEM imaging (Section 3.2).
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Figure 10. Raman intensity mapping of PLLA film with 40 wt% HA and 0.5 wt% INT-WS2 on an area of (10 × 10 µm2).
Blue—PLLA at 873 cm−1 (a), green—HA at 960 cm−1 (b), red—INT-WS2 at 350 cm−1 (c), yellow—OA at 1655 cm−1 (d),
and purple—chloroform at 1379 cm−1 (e).

Notwithstanding the limited resolution of the technique (>1 µm), the INT-WS2 are
clearly seen as elongated red shapes throughout the film in the Raman mapping (red
features in Figure 10c). Obviously, the asymmetric shape of the nanotube does not reflect its
genuine shape, since the coarse size of the focused laser beam (1–2 µm) is at least 10 times
larger than the tube diameter (~100 nm). Moreover, it can be seen that the nanotubes are
fully dispersed in the film. Their long axis seems to lie in the film plane with orientation
roughly in the x-direction. The preferred directionality of the tubes could be related
to the mode of evaporation of the solvent from the casted film. For example, a higher
evaporation rate from the container wall could induce radial flow, which would orient the
tubes accordingly with their long axis parallel to the (radial) flow direction.

Raman mapping of OA at 1655 cm−1 (yellow) presents relatively strong and uniform
intensity throughout the film area, with a minimum value of (normalized) intensity around
40%. Thus, it can be concluded that the OA was uniformly dispersed throughout the
nanocomposite film during its preparation. Noticeably, the Raman mapping of the HA
(green); OA (yellow), and chloroform (purple) exhibit some similarities. As for the OA,
which is purposely used as the surfactant for the HA, the similar spatial distribution is not
that astonishing. The analog spatial distribution of the chloroform and the HA indicates
that the remnants of the solvent are adsorbed tightly to the HA surface and cannot be easily
driven out, even after the long drying procedure used here.

The (normalized) intensity mapping of chloroform at 1379 cm−1 (purple) shows
that it is uniform throughout the film. This indicates that notwithstanding the efforts to
remove it, non-negligible amounts of chloroform residues (ca. 1 wt%) remained in the
film, which correlates well with the observed feature in the Raman spectra above. Given
the lengthy drying process under vacuum and heating at 45 ◦C, it is most likely that the
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residual chloroform was chemisorbed to one of the film ingredients and could not be easily
removed from the film.

3.8. FTIR Spectroscopy

FTIR of the different PLLA/HA/INT-WS2 nanocomposite films was conducted and
the resulting spectra are displayed in Figure 11.
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Figure 11. FTIR spectra of different PLLA/HA/INT-WS2 nanocomposite films.

Visibly, PLLA peaks are observed for all different films at the same position, accounting
for the fact that the peaks at 1044 cm−1 and 1086 cm−1 [71] overlap with those of HA at
1033 cm−1 and 1093 cm−1 [72]. No extra peaks occur due to the addition of HA and
nanotubes to the PLLA.

The nanotube peaks (<500 cm−1) [73] are not visible due to the dominant PLLA peak
in this region. Thus, in agreement with the previous measurements, the FTIR results
indicate that the four components (PLLA, HA, OA, and INT) are mixed together uniformly
and are compatible with each other.

4. Discussion

The current work builds upon a previous work [36], where a nanocomposite of PLLA
with small amounts of WS2 nanotubes dissolved in dichloromethane (DCM) was cast into
a film. In this earlier work, the major obstacle was to fine-tune the drying procedure, which
proved to be rather tricky. The PLLA-WS2 nanotube composites were dried in a vacuum
oven at 30 ◦C for one week while monitoring the weight loss. This temperature was adopted
after many trials because it is lower than the DCM boiling temperature (39.6 ◦C) which is
important to ensure uniformity of the film. As anticipated, films that were not properly
dried exhibited poor mechanical properties. The present three-component nanocomposite
drying process presented a more challenging task. HA could not be properly dispersed in
DCM. Therefore, chloroform (boiling point 61.15 ◦C) was used as a solvent and oleic acid
as a compatibilizer between the HA phase and the other two components (PLLA and INT-
WS2). The chloroform is less volatile than DCM and hence a higher drying temperature
(45 ◦C) was selected for the casting. The presence of minute amounts of solvent adversely
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affected the nanotube-PLLA interaction and consequently the mechanical properties of the
film. In the future, solvent-free processing of the film can be envisaged, like hot-pressing,
or extrusion, and subsequent 3D printing [74].

The control of the interfacial interaction between the two majority phases, i.e., PLLA
and HA and the minority phase—INT-WS2 has major implications on the mechanical stabil-
ity of the nanocomposite subject to different stress and environmental conditions. The oleic
acid, which has been used in the past for compatibilizing HA in different polymer phases,
was found to be indispensable here. First, both oleic acid [75] and HA nanoparticles [76]
are nontoxic and biocompatible. The FTIR, XRD, and Raman measurements reported here
do not reveal any specific chemical bonding between any of the four components (PLLA,
HA, OA, and INT) used in this work or new phase formation during the preparation of
the film. It remains to be seen if other specific functionalization processes of the nanotube
surface could further improve their interfacial interaction with the matrix and influence the
mechanical behavior of the nanocomposite without sacrificing its biocompatibility. In the
absence of a specific interaction between the nanotubes and the polymer-HA, their large
surface area and aspect ratio (50–100) as well as their mechanical strength (10–22 GPa),
large strain (10%) [77], nontoxic nature [21], and their facile dispersion make them ide-
ally suited for reinforcing biodegradable polymers, even if added in minute amounts
(~0.2 at%, ~0.6 wt%) [36,78,79]. Beyond this limit the nanotubes start agglomerating and
their effectiveness in the polymer matrix is gradually impaired. PLLA is only one of a
class of biodegradable polymers being intensively studied in order to improve the quality
of medical care and make life more sustainable [80,81]. Obviously, more work, including
in vivo experiments, is needed to determine the usefulness and biocompatibility of the
WS2 nanotubes for potential future use in medical technologies.

5. Conclusions

PLLA films containing both hydroxyapatite and WS2 nanotubes were prepared via
solvent casting process. While hydroxyapatite increases the hardness of the composite film,
its tensile properties are compromised. The addition of the nontoxic nanotubes partially
mitigates the reduced tensile properties of the film, providing biocompatible films with
high hardness and tensile properties. XRD analysis and thermal measurements indicate
that this is due to a reduction in crystal nuclei size. The addition of the nanotubes also
improves the thermal stability of the films. Such nanocomposites could find numerous
applications in medical technologies.
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Abstract: The limitations of hydrophilicity, strength, antibacterial activity adsorption performance
of the biobased and biocompatible polymer materials, such as polyhydroxyalkanoates (PHAs),
significantly restrict their wider applications especially in medical areas. In this paper, a novel
composite membrane with high antibacterial activity and platelet adsorption performance was
prepared based on graphene oxide (GO), MXene and 3-hydroxybutyrate-co-hydroxyvalerate (PHBV),
which are medium-chain-length-copolymers of PHA. The GO/MXene nanosheets can uniformly
inset on the surface of PHBV fibre and give the PHBV—GO/MXene composite membranes superior
hydrophilicity due to the presence of hydroxyl groups and terminal oxygen on the surface of
nanosheets, which further provides the functional site for the free radical polymerization of ester
bonds between GO/MXene and PHBV. As a result, the tensile strength, platelet adsorption, and
blood coagulation time of the PHBV—GO/MXene composite membranes were remarkably increased
compared with those of the pure PHBV membranes. The antibacterial rate of the PHBV—GO/MXene
composite membranes against gram-positive and gram-negative bacteria can reach 97% due to the
antibacterial nature of MXene. The improved strength, hydrophilicity, antibacterial activity and
platelet adsorption performance suggest that PHBV—GO/MXene composite membranes might be
ideal candidates for multifunctional materials for haemostatic applications.

Keywords: MXene; PHBV; composite membrane; hydrophilicity; antibacterial properties; coagulation

1. Introduction

All countries are aware of the serious environmental problems caused by white
pollution with the rapid development of the national economy, especially the petrochemical
industry [1–4]. Every year, the amount of plastic waste that is difficult to recycle reaches
tens of millions of tons [5,6]. China has already committed to achieving peak emissions
of carbon dioxide before 2030 and carbon neutrality before 2060 [7,8]. The government
urged quicker steps to take actions that enabled the peak of emissions [9]. It is necessary
that the government accelerates bolstering the development of the green industry [10,11].
Hence, the widespread use of biodegradable materials is expected.

At present, biodegradable materials such as (1) natural polymer materials derived
from dechitosan, cellulose, and starch [12–14]; (2) synthetic materials such as poly (glycolic
acid) (PGA), poly (lactic acid) (PLA), poly (butylene succinate) (PBS), copolymer of aliphatic
polyester, and polyamide (CPAE) [15–17]; and (3) microbial synthetic materials such as
polyhydroxyalkanoate (PHAs) [18–20] have attracted widespread attention. Due to its
good biocompatible and biodegradable properties [21,22], polyhydroxyalkanoate (PHAs)
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generated by bacteria growing under oligotrophic conditions is considered a promising
haemostatic material and has attracted extensive attention from medical biomaterial re-
searchers [21–23].

PHA is a kind of thermoplastic polyester synthesized by prokaryotes as a carbon
source and energy storage under the carbon and nitrogen imbalance condition [24,25].
Poly(3-hydroxybutyrate) (PHB), discovered by M. Lemoigne in 1925, was the first-generation
product in the PHAs family [26,27]. At least 150 different monomer structures of PHA have been
discovered to date [28–32]. The medium-chain-length-copolymers poly(3-hydroxybutyrate-co-
hydroxyvalerate) (PHBV) and poly(3-hydroxybutyrate-co-hydro-xyhexanoate) (PHBHHx)
are the latest generation products in the PHAs family, with improved toughness and
processability. However, the tensile strength and adsorption performance of PHBV and
PHBHHx still need to be further improved to achieve the application requirements of
haemostatic materials [21]. Moreover, fewer functional features, such as poor antibacterial
and hydrophilic capacity, further limit PHAs applications, especially in biomedical materi-
als [4,21]. PHAs-based materials have been widely applied in the fields of biomedicine, such
as biodegradable sutures, bone tissue engineering and drug-loaded applications [21,33–35].
However, few investigators studied PHAs-based materials to simultaneously solve the
problems of surgical wound haemostasis. Vigneswari et al. prepared nanofibrous P(3HB-
Co-4HB)/collagen peptide constructs using an electrospinning system and the results
indicate that these PHAs-based composites may be a potential leave-on wound dressing
but have insufficient antimicrobial activity and hydrophilic capacity [36].

In recent years, these problems have led to a new breakthrough with the rapid de-
velopment of nanotechnology. Graphene oxide (GO) is a novel two-dimensional material
with high hydrophilicity and excellent mechanical performance and has considerable good
potential for preparing high-performance polymer nanocomposites [4,37,38]. Abundance
of oxygenic groups of GO can provide binding sites with organic polymer matrices, such
as PHAs [4]. The poor dispersibility makes the GO sheets agglomerate and results in
poor adhesion between GO and PVAs, which gives polyvinyl acetate and GO (PVA—GO)
composites good tensile strength but low breaking elongation [39]. Some investigators
further improved the dispersion of GO in polymers through chemical and physical modi-
fications [4,40]. Niyogl et al. found that GO modified via alkylamine can give GO good
dispersion in organic solutions [41]. The ball milling of GO can improve the dispersibility
in PHBV and develop PHBV—graphene nanocomposites with good tensile properties [42].
Xu et al. fabricated PHA films with good tensile and antibacterial activity by grafting
them with functionalized GO [4]. These studies confirmed that GO could be loaded in
as a polymer as nanofiller to improve the mechanical performance of organic polymers,
which is critical to improving the performance of polymers and GO composites. However,
few investigations have discussed the prospects of GO as a multifunctional nanofiller to
simultaneously enhance the tensile, hydrophilic, and antimicrobial properties of PHAs for
haemostatic materials.

Mxenes, first discovered by Naguib et al. in 2011 [43], are a developing novel material
family of two-dimensional (2D) materials with a formula of Mn+1XnTx, which are composed
of transition metals (M), carbides/nitrides (X), and functional groups such as hydroxyl,
oxygen or fluorine (X) [44–46]. The presence of hydroxyl groups or terminal oxygen on the
surface gives MXene materials more application prospects, such as high hydrophilicity and
processability [47]. The laminar structure and hydrophilicity give MXene materials rapid
and selective delivery of water molecules. Many investigations also revealed that MXene
materials obtain high permeable flux. In addition, some investigators have confirmed
that MXene nanosheets have antibacterial properties and that the sharp edges of MXene
nanosheets lead to the release of bacterial DNA [48].

This study attempts to describe the development and detection of a novel PHBV—
GO/MXene composite membrane with improved mechanical properties, antibacterial
abilities, high hydrophilicity, and adsorption capacity. These characteristics make the
PHBV—GO/MXene composite membrane an ideal material for biodegradable haemostatic
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applications. Various contents of GO and MXene have been blended with PHBV to
prepare PHBV—GO/MXene composite membranes by electrostatic spinning techniques.
The mechanical properties, microscopic morphology, physical properties, antibacterial
properties, and adsorption properties of the composites were analysed. Therefore, the
investigation aimed to provide a biodegradable haemostatic material with good mechanical
properties, excellent antibacterial abilities, high hydrophilicity, and adsorption capacity.

2. Materials and Methods
2.1. Materials

PHBV containing 92.3 mol% 3-hydroxybutyrate and 7.7 mol% hydroxyvalerate was
bacterially synthesized. Ti3AlC2 MAX powders, graphite, methylene chloride (DCM),
sulfuric acid (H2SO4), hydrochloric acid (HCl), potassium permanganate (KMnO4), 40%
HF, hydrogen peroxide (H2O2), and lithium fluoride (LiF) were obtained from Shanghai
Aladdin Bio-Chem Corporation (Shanghai, China). Deionized (DI) water was produced
by a Milli-Q HX 7040 water system (Burlington, MA, USA). All reagents without special
instructions were of analytical grade.

2.2. Synthesis of Graphene Oxide (GO) and MXene (Ti3C2Tx)

The preparation method of GO used the Hummers’ method [49].
MXenes are mainly synthesized from MAX precursors. Two grams of Ti3AlC2 MAX

phase powder was slowly added to 2 g LiF, and 20 mL 9 M HCl [37] and stirred by
magnetic stirrers for 24 h at 35 ◦C. The products were washed until the pH values of
the solutions reached 6, using DI water with centrifugation at 3500 rpm for 5 min per
cycle. The sediment was Ti3CTx and needed to be shaken vigorously for approximately
10 min. Finally, the unexfoliated sheets were removed via centrifugation at 3500 rpm for
1 h. Then, the concentration of MXene solution reached 1 mg/mL.

2.3. Electrospinning of Composite Membranes

PVP, a water-soluble polymer, was added before electrospinning to promote pore
formation to avoid the swathing of GO and MXene nanoparticles in PHBV fibre mats.
PHBV and PVP were dissolved in solvents containing DCM and acetone (6:5 v:v) along
with 0.5% and 1% nanoparticles with a GO/MXene mass ratio of a 1/4 to prepare porous
electrospun fibres. Some investigations suggested that the composite membrane with a
1/4 GO/MXene ratio had good water flux [37], which may help improve the hydrophilic-
ity and adsorption capacity of PHBV—GO/MXene composite membranes. The weight
percentage of PHBV and PVP was 5:1. The mixed solution was magnetically stirred for
18 h and then a 6 mL syringe filled with homogenous polymer solutions was connected to
a needle. The electrospinning conditions were 25 kV voltage, 0.1 mL/h speed and 15 cm
width between two parallel plates. The electrospinning process continued for 10 h at 25 ◦C
and 60% relative humidity. After electrospinning, PVP was removed by washing it with
water at 70 ◦C and ultrasonic treatment. Finally, the washed fibre mats were dried in a
vacuum (Figure 1A).

2.4. Characterization Methods

The surface morphologies of the fibre mats were examined by field emission scan-
ning electron microscopy (FE-SEM, Merlin, Berlin, Germany). Transmission electron
microscopy (TEM, JEOL Ltd., Tokyo, Japan), Alpha 300M Raman spectrometry (WITec,
Berlin, Germany), energy spectroscopy (EDS, Oxford, London, UK), BRUKER D8 Advance
(Berlin, Germany), Frontier FT-IR Spectrometer (Berlin, Germany), Thermo Fisher Scientific
K-Alpha (Waltham, MA, USA), and DSA100 (Berlin, Germany) were used to obtain insight
into the microstructure and composition of PHBV—GO/MXene composite membranes.
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of GO (N) and MXene (I). XPS spectra of GO and MXene (O). C1s XPS spectra of GO (P) and MXene (Q).

2.5. Platelet Adsorption Experiments

The haemostatic performance of the PHBV and PHBV—GO/MXene composite mem-
branes was evaluated by platelet adsorption and blood coagulation. The blood of healthy
rabbit with 3.8% anticoagulant sodium citrate (2:8) was used to make platelet-rich plasma
(PRP). A Thermo Scientific centrifuge was used to centrifuge with 1500 rpm at 4 ◦C and
hold 10 min. 5 cm2 PHBV and PHBV—GO/MXene composite membranes were dropped
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in 5 mL of PRP at 37 ◦C. Platelets were detected before and after adsorption using platelet
analyzer. Three parallel experiments were carried out. Blood coagulation time was detected
using the method of Wu et al. (2013) [50].

2.6. Method of the Antibacterial Activity Test

The antibacterial experiment of PHBV—MXene composite membranes were divided
into PHBV, PHBV—GO/MXene 0.1%, PHBV—GO/MXene 0.5%, PHBV—GO/MXene
1%, and the blank group against E. coli and S. aureus. The composition of luria broth
(LB) solid medium is: 10 g/L peptone, 10 g/L NaCl, 5.0 g/L beef extract, and 20% agar
powder. The dosages of PHBV, PHBV—GO/MXene 0.1%, PHBV—GO/MXene 0.5%, and
PHBV—GO/MXene 1% composite membranes were 10 mg. The bacteria used here were
E. coli (ATCC 25922) and S. aureus (ATCC 6538). The liquid LB medium was used for
cultures E. coli and S. aureus at 37 ◦ C and 200 rpm. Bacteria growth kinetics was measured
using the optical density (OD) of bacteria suspensions at 600 nm. Bacteria with 0.1 OD600
(108CFU/mL), which indicate the E. coli and S. aureus were in an exponential phase, were
used to perform thentibacterial activity test. A measured 10 mg composite membranes
and 10µL bacterial solution were evenly smeared on the surface of solid LB medium. Then
culture dishes with bacteria and composite membranes were cultivated for 24 h at 37 ◦C in
a microbiological incubator. The camera took pictures of the culture dishes after culture
and identified the number of bacteria colony.

The antibacterial activity against E. coli (α) and S. aureus (β) of PHBV and PHBV—
GO/MXene composite membranes were calculated using Equations (1) and (2), respectively.

α =
Ct

C0
× 100% (1)

β =
Dt

D0
× 100% (2)

where C0 and Ct are the colony numbers of E. coli in the blank group and experimental
groups, respectively. Dt represents the colony numbers of S. aureus in experimental groups,
and D0 represents the colony numbers of S. aureus in the blank group.

3. Results and Discussion
3.1. Characterization of GO and MXene Nanosheets

To observe the microscopic morphology characteristics of GO and MXene nanosheets,
SEM and TEM were used. The microscopic morphology characteristics of the GO and
MXene nanosheets are illustrated in Figure 1. The FT-IR spectral bands of GO showed
characteristic peaks of C=O, and C–O–C stretching vibrations, which occur at 1715 cm−1

and 1045 cm−1. (Figure 1B). The FT-IR spectra of MXene nanosheets appeared at 3423 cm−1,
2923 cm−1, 2848 cm−1, 1715 cm−1, and 1045 cm−1, which correspond to the –OH, C-H in
benzene rings and alkane carbon chains, C=O, and C–O–C stretching vibration, respec-
tively [37], mainly owing to the oxygenic groups on GO and MXene. GO had Raman
characteristic peaks at 1365 cm−1 and 1610 cm−1, belonging to the D peak and G peaks
of carbon atomic crystals. The significance of the D peaks confirms the effective introduc-
tion of oxygenic groups into GO; the G peak is the stretching vibration of the graphene
lattice [37]. Raman spectral bands appeared at 201 cm−1 and 720 cm−1, which are the
characteristic Raman peaks of MXene nanosheets [51].

The SEM images showed that the morphologies of the GO and MXene nanosheets are
lamellar textures (Figure 1C,D), and the TEM images also indicated that the textures of
GO and MXene nanosheets are lamellar (Figure 1F,J). X-ray photoelectron spectroscopy
(XPS) and energy dispersive spectrometry (EDS) mapping illustrated that GO nanosheets
are mainly composed of C and O elements, and MXene nanosheets contain C, O, and
Ti elements (Figure 1K,L,N,O). The C1s XPS spectra further showed that GO was fitted
into three peaks (C=O, C-O, and C-C) and that MXene had four peaks (C=O, C-O, C-C,
and C-Ti) (Figure 1P,Q). The results suggested that there are plenty of hydrophilic groups,
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for example, hydroxyl and carboxyl groups, located on nanosheets of GO and MXenen
surfaces. These factors may be helpful for improving the hydrophilic performance of PHBV.

3.2. Characterization of Composite Membranes

The microscopic morphology characteristics of the PHBV and PHBV—GO/MXene
composite membranes were remarkably affected by the different GO/MXene dosages
(Figure 1). The PHBV fibre had a smooth surface with many nanopores (Figure 1A,E).
Elements of C and O are the main components (Figure 1A). So many three–dimensional (3D)
nano-round pores may indicate that the PHBV—GO/MXene 0.1% composite membranes
have good mechanical properties, because round holes can avoid stress concentrations
(Figure 1B). The main elements of the PHBV—GO/MXene 0.1% composite membranes
were still C and O, but the energy dispersive X-ray spectrometry (EDS) results showed
that a certain amount of Ti was introduced by MXene (Figure 1B). PHBV—GO/MXene
0.5% composite membrane morphology is similar to that of PHBV (Figure 1A, C), but the
elemental compositions of the PHBV—GO/MXene 0.5% composite membranes were C, O,
and Ti (Figure 1C), similar to PHBV—GO/MXene 0.1% composite membranes (Figure 1B).
A large number of fusiform structures and nanofibres with small diameters appearing
simultaneously may indicate that the mechanical properties of PHBV—GO/MXene 1%
composite membranes were poor (Figure. 1D). The fusiform structures may be caused by
abnormal turbulence during electrospinning due to the increase in solution viscosity [52].
Many Ti elements are contained in the PHBV—GO/MXene 1% composite membranes
(Figure 1D). The dark patches on the surface of the fibres with 0.1% and 0.5% GO/MXene
content likely indicate GO/MXene aggregation (Figure 1F,G). However, no dark patches
on the surface of the fibres further suggested that the fusiform structures are the aggregate
of GO/MXene in the PHBV—GO/MXene 1% composite membranes (Figure 1H).

The PHBV fibres had a diameter of 4.32 ± 1.93 µm (Figure 2A,E). Adding GO/MXene
resulted in feature surface morphology (Figure 2B–D,F–H). PHBV—GO/MXene 0.1%,
PHBV—GO/MXene 0.5%, and PHBV—GO/MXene 1% had diameters of 3.23 ± 2.06 µm,
3.16 ± 2.43 µm, and 1.36 ± 2.06 µm, respectively (Table 1). The combined weight per-
centages of Ti in the PHBV—GO/MXene 0.1%, PHBV—GO/MXene 0.5%, and PHBV—
GO/MXene 1% fibre mats were 0.07%, 0.28%, and 0.75%, respectively (Table 1). These weight
percentages detected were lower than that of Ti addition. This may be due to the loss of
mass in the fabrication process of the fibre mats and/or instrumental error.

Table 1. The element composition and properties of PHBV and PHBV—GO/MXene composite membranes.

PHBV PHBV—GO/MXene
0.1%

PHBV—GO/MXene
0.5%

PHBV—GO/MXene
1%

Element components%
(C/O/Ti) a 79.03/20.97 77.26/21.82/0.07 75.22/23.05/0.28 75.63/23.38/0.75

Fibre diameter (FD) (µm) b 4.32 ± 1.93 3.23 ± 2.06 3.16 ± 2.43 1.36 ± 2.06
Superficial area (SA) (m2 g−1) c 16.75 / 45.51 24.46

Pore volume (ml g−1) d 0.023 / 0.051 0.035
Dimension (D) e 2.371 / 2.489 2.563

Isoelectric point (IEP) 4.23 / 4.02 3.74
Water contact angle (o) f 130.0 ± 2.3 54.2 ± 3.1 62.2 ± 1.8 55.9 ± 2.8
a detected by EDS. b based on tape measure in SEM images (Mean ± SD). c based on BET. d NLDFT. e based on BET. f Angle (Mean ± SD).
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Figure 2. SEM images of PHBV (A,E), PHBV—GO/MXene 0.1% (B,F), PHBV—GO/MXene 0.5% (C,G),
and PHBV—GO/MXene 1% (D,H) composite membranes. Inset figures show the EDS spectrum.
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The morphologies of the PHBV and PHBV—GO/MXene composite membranes were
also detected by TEM. Figure 3A−D shows the microscopic morphology characteristics
of single PHBV and PHBV—GO/MXene fibres. Figure 3A presents the smooth surface of
the PHBV fibre, while the surface of the PHBV—GO/MXene fibre has many dark patches
(Figure 3B–D). The smooth surfaces of the PHBV and PHBV—GO/MXene fibres are
consistent with the SEM observations (Figure 2F,G). These nano-GO/MXene embedded in
the surface of the fibre nanosheets may act as active hydrophilic sites. The surface of PHBV
fibres may help absorb platelets and accelerate blood coagulation for the hydrophobicity of
PHBV [53–55].
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The water contact angles (130.0 ± 2.3◦, Table 1) of the PHBV composite membranes
were similar to those reported for EPF mats [56] and PVDF membranes [52]. They were
also lower than those of hydrophobic ZnO-containing fibre mats (152 ± 3.0◦) [57] and SiO2-
containing fibre mats (160.5 ± 2.3◦) [58,59] but higher than those of PHBV—GO/MXene
membranes (Table 1). The water contact angles of the PHBV—GO/MXene 0.1%, PHBV—
GO/MXene 0.5%, and PHBV—GO/MXene 1% composite membranes were 54.2 ± 3.1◦,
62.2 ± 1.8◦, 55.9 ± 2.8◦, respectively (Table 1; Figure 3E–H). The water contact angles of
the PHBV—GO/MXene composite membranes were not significantly different in present
investigation. Many investigators also found similar results, where nanoparticles dosage
did not dramatically change the water contact angle [56,60,61].

The better hydrophilicity of PHBV—GO/MXene composite membranes is due to the
high amount of hydrophilic functional groups, as hydroxyl and carboxyl groups [37,62].
Moreover, the laminar flow structure of MXene nanosheets can rapidly and selectively
transport water molecules [37,45], which further improves the hydrophilicity of PHBV—
GO/MXene composite membranes. In addition, some investigations have also reported
that increasing the interlayer spacing and introducing nanoparticles into MXene can further
improve the water flux and antifouling properties [63,64]. Therefore, the interlayer spacing
of MXene and the doping effect of GO and MXene are other reasons to enhance the
hydrophilicity of PHBV—GO/MXene composite membranes.

BET-SA and PSD analyses were carried out to investigate the adsorption and pore
characteristics of PHBV and PHBV—GO/MXene composite membranes. The results
are illustrated in Figure 4. The isotherms of PHBV and PHBV—GO/MXene composite
membranes showed hysteresis loops formed by the separation of adsorption—desorption
curves (Figure 4A). Generally, a hysteresis loop occurs in the mesoporous materials [65,66].
Based on the thermodynamics principle, the formation of a hysteresis loop is related to the
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difference in heat released and absorbed during the adsorption—desorption process [67,68].
According to the IUPAC classification criteria, the isotherms of the PHBV and PHBV—
GO/MXene composite membranes were type I (Figure 4A), indicating a highly uniform
pore size, good pore connectivity, rapid coagulation, and monolayer adsorption. Figure 4
also shows that the adsorbed N2 increased after the P/Po rate increased from 0 to 0.9.
Moreover, the highest separation of adsorption—desorption curves appeared at P/Po = 0.9,
which confirms that many micropores consist of PHBV and PHBV—GO/MXene composite
membranes. In addition, the more remarkable hysteresis loop further suggests that the
proportion of micropores is higher in the PHBV—GO/MXene composite membrane than
that in the PHBV composite membrane.
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Figure 4. Plots of N2 adsorption—desorption (A), ln (V/Vmono) vs. ln (P/Po) (B) and pore diameter (C) distributions of
PHBV, PHBV—GO/MXene 0.5%, and PHBV—GO/MXene 1% composite membranes.

The pure PHBV membranes had a 16.75 m2 g−1 surface area (SA) and 0.023 cm−3 g−1

pore volume (PV) (Table 1; Figure 4A) and the peak N2 adsorption value was 23.52 cm−3 g−1

at P/Po = 0.99. Notably, 45.51 m2 g−1 of SA, 0.051 cm−3 g−1 of PV and 43.23 cm−3 g−1

of the maximum N2 adsorption capacity indicate that the adsorption capacity of PHBV—
GO/MXene 0.5% composite membranes was higher than that of PHBV—GO/MXene
1% composite membrane, which had 24.46 m2 g−1 of SA, 0.035 cm−3 g−1 of PV and
33.89 cm−3 g−1 of the maximum N2 adsorption capacity (Table 1; Figure 4A).

Furthermore, fractal dimension (D) was calculated to investigate the characteris-
tics of pore structure in PHBV and PHBV—GO/MXene composite membrane, based on
the Frenkel—Halsey—Hill (FHH) theory and the isotherms of the PHBV and PHBV—
GO/MXene composite membrane (Figure 4B). The D value of the PHBV—GO/MXene
0.5% composite membrane was the maximum observed for the plots of ln (V/Vmono)
vs. ln(ln(Po/P)), however, the low plot range of ln (V/Vmono) vs. ln(ln(Po/P)) indicate
that the pure PHBV composite membrane had the lowest D value. The D values of the
PHBV—GO/MXene 0.5% composite membrane were similar to those of the pure PHBV
composite membrane. The calculated D values of the PHBV, PHBV—GO/MXene 0.5%,
and PHBV—GO/MXene 1% composite membranes were 2.371, 2.489, and 2.563, respec-
tively, which further confirmed that the PHBV—GO/MXene composite membranes were
structurally different and mainly contained mesopores and micropores. Figure 4C shows
that most mesopores on the surface of the PHBV, PHBV—GO/MXene 0.5%, and PHBV—
GO/MXene 1% composite membranes are 1–6 nm in diameter. The lowest amounts of
pores with diameters lager than 6 nm confirm the higher proportion of micropores in the
PHBV composite membrane. In addition, the 3D hierarchical architectures of the PHBV
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and PHBV—GO/MXene composite membranes can provide active sites and may act as
transmission paths that can accelerate the adsorption process.

Fourier transform infrared spectroscopy, Waltham, MA, USA), Raman spectroscopy
(Berlin, Germany), X-ray diffraction (XRD) spectra (Waltham, MA, USA) and zeta po-
tential (ξ) (Waltham, MA, USA) values of the PHBV and PHBV—GO/MXene composite
membranes were also obtained to investigate the surface chemistry of the composite mem-
brane. Moreover, FT-IR, Raman, and XRD analyses of GO and MXene were performed as
references. The results are illustrated in Figure 5.
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Figure 5. FT-IR (A), Raman (B), and XRD (C) spectra of PHBV, GO, MXene, PHBV—GO/MXene 0.1%, PHBV—GO/MXene
0.5%, and PHBV—GO/MXene 1% composite membranes. Zeta potential (D) of PHBV, PHBV—GO/MXene 0.5%, and
PHBV—GO/MXene 1% composite membranes.

The peak at ~3390 cm−1 in the FT-IR spectrum of PHBV can be assigned to the
stretching vibration of the hydroxyl (-OH) group (Figure 5A). The peaks appearing at
2921 and 2857 cm−1 corresponded to the C-H stretching vibrations. The peaks at 1723
and 1050 cm−1 can be assigned to the C=O stretching vibration and the C–O–C stretching
vibration, respectively [4]. For pure GO, the broad band at ~3423 cm−1 corresponded to the
stretching vibration of hydroxyl –OH. The peaks at 2923 and 2848 cm−1 corresponded to
the C-H stretching vibrations (Figure 5A). The peaks at 1715 and 1045 cm−1 corresponded
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to the C=O stretching vibration and the C–O–C stretching vibration, respectively [37].
MXene nanosheets had strong C=O stretching vibrations in the carboxyl group, while
the C–O–C stretching vibrations were weak (Figure 5A). The stretching vibration of –OH,
C=O, and C–O–C increased with the mixing of GO/MXene into the PHBV—GO/MXene
composite membrane, due to the oxygenic groups on the surface of GO and MXene.

Usually, the Raman spectral bands of GO showed two broad peaks between 1000 and
1800 cm−1. The peak appearing at high wavenumbers was the G-band, which usually
appeared between 1500 and 1600 cm−1. The peak appearing at low wavenumbers was
the D-band, which was generally located between 1300 and 1400 cm−1. The G-band is
induced by crystalline graphitic/sp2 carbon atoms and involves out-of-phase intra-layer
displacement in the graphene structure; the latter originates from sp3 hybridization and
relates to polycrystalline imperfect graphite [66,69]. The peaks at 201 and 720 cm−1 are
the characteristic peaks of MXene [37,51]. Among them, the 201 cm−1 peak was the
symmetric out-of-plane vibration (A1g) of Ti and the 720 cm−1 peak was the out-of-plane
vibration (A1g) of C [51]. The peak range from 230 to 470 cm−1 corresponded to the
in-plane (Eg) vibration of the surface groups around titanium atoms [51]. The peaks at
201 and 720 cm−1 identifying MXene were more evident with increasing GO/MXene
dosage in PHBV—GO/MXene composite membrane (Figure 5B). These results indicate
that GO/MXene is effectively mixed into PHBV, which is consistent with the SEM and
TEM results (Figures 3 and 4).

The XRD pattern of GO shows a broad band at 18.2◦ and a sharp peak at 10.7◦,
which are the characteristic peaks of GO [37]. The small peak at 7◦ is the characteristic
peak of MXene [37]. In addition, the 7◦ peak also indicates that the sample has not been
oxidized by air and is well preserved [70]. The peaks of 2θ appearing at 21◦, 22◦, and
26◦ suggest that there were helical lamellae in the pure PHBV membrane. The crystal
planes were (101), (111), and (121). The lower diffraction peaks of PHBV—GO/MXene
may indicate that PHBV has a smaller crystal size (Figure 5C), which further suggests that
GO/MXene modification may increase the molecular structure of the polymer and reduce
the crystal forming ability of the PHBV molecule. The lower diffraction peaks also indicate
that the grain size of PHBV in the PHBV—GO/MXene membrane is smaller than that in
PHBV (Figure 5C). Therefore, the decrease in the crystallization index (CI) may suggest
a significant improvement in the toughness of the PHBV—GO/MXene membrane due
to the GO/MXene hybrid effect. In addition, the XRD peaks of the PHBV—GO/MXene
membrane are shifted at high angles, which may indicate that GO/MXene enters the PHBV
crystal. The higher diffraction peak of the PHBV—GO/MXene 1% composite membrane
may be due to the agglomeration effect, resulting in a small amount of GO/MXene in the
PHBV crystal, which has a high angle deflection and a strong diffraction peak.

The zeta potential (ξ) values of the PHBV and PHBV—GO/MXene composite mem-
branes were detected within a pH range from 2 to 11 (Figure 5D). The ζ values of the PHBV
and PHBV—GO/MXene composite membranes decreased with increasing pH. The pure
PHBV membranes were more negative than the PHBV—GO/MXene composite membranes
(Figure 5D). The GO/MXene-functionalized PHBV membranes had remarkably different
surface charge features and became less negative owing to the decreasing of carboxyl
groups. Most of the carboxyl groups in GO/MXene reacted with oxhydryl groups in PHBV,
forming C-O-C bonds, which was confirmed by the FT-IR analysis results (Figure 5A).
Due to progressive deprotonation, the ζ values of the PHBV and PHBV—GO/MXene com-
posite membranes were less than zero. The isoelectric point (pI) values of PHBV appeared
at 2.30. Moreover, the pI values of PHBV—GO/MXene 0.5% and PHBV—GO/MXene 1%
composite membranes were 3.25 and 3.43, respectively. The remarkably different surface
charge features of PHBV—GO/MXene composite membranes indicate that the incorpora-
tion of GO/MXene significantly enhanced the surface charge properties of PHBV. Some
investigations have revealed that platelets are negatively charged [71,72]. GO/MXene addi-
tion reduces the electronegativity of PHBV (Figure 5D). Hence, the results of zeta potential
analysis indicate that GO/MXene can enhance the adsorption capacity of the PHBV—
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GO/MXene composite membrane towards platelets. These results may suggest that this
kind of composite material has good application prospects for haemostatic materials.

To quantify the binding forms of oxygen, carbon, nitrogen, and titanium in the PHBV
and PHBV—GO/MXene composite membranes, high resolution XPS spectra of O1s, C1s,
Ti2p and Ti2s were deconvoluted using Gaussian-Lorentzian peaks [37,73,74]. The XPS
results of the PHBV and PHBV—GO/MXene composite membranes are illustrated in
Figure 6. The wide-scan XPS spectra showed sharp peaks of O1s and C1s (Figure 6A),
which indicate that the pure PHBV membrane mainly contained elements of C and O.
These results are consistent with the SEM-EDS results (Figure 2A and Figure S1). Further
investigation illustrated that the intensities of the C=O, C-O, and C-C bonds were 3.4%,
8.5%, and 88.1%, respectively (Figure 6B). The C1s peak for GO was fitted to C=O, C-O, and
C-C peaks (Figure 6C), which were similar to the PHBV results. However, the intensity of
C-O in GO was higher than that in PHBV. Figure 6D shows that the C1s peak for MXene can
be fitted to C=O, C-O, C-C, and C-Ti peaks (Figure 6D). The significant intensity of C=O and
C-O confirmed the existence of hydrophilic oxygen-containing functional groups. The wide-
scan XPS spectra showed that the PHBV—GO/MXene composite membrane contained
elements of Ti introduced by MXene (Figure 6A). These results were also consistent with the
results of SEM-EDS (Figure 2A and Figures S2–S4). The intensity of the C-O and C-Ti bonds
increased with the increasing GO/MXene addition (Figure 6E–G), indicating that some GO
and MXene were grafted onto the surface of the PHBV—GO/MXene composite membranes.
In addition, the increase in C-O bonds was significantly higher than the summation of
PHBV and GO/MXene, for the low GO/MXene addition amounts. Combining the high
C-O peak in PHBV—GO/MXene and the low C-O peak in PHBV, GO, and MXene in FT-IR,
the high intensity of C-O may suggest that GO was esterified with PHBV and the graft
reaction occurred. These factors may be beneficial to toughen the PHBV—GO/MXene
composite membranes.

3.3. Mechanical Property, Antibacterial Activity, and Platelet Adsorption

The mechanical properties of the PHBV and PHBV—GO/MXene composite mem-
branes were tested. The tensile strength and elongation at break were obtained, as shown
in Figure 7A,B. The pure PHBV composite membranes exhibited low tensile stress (16 MPa)
and low strain at break (4.6%) (Figure 7A,B). The tensile stress and strain at break are similar
to those of commercial PHAs [75,76]. The tensile strengths of the PHBV—GO/MXene 0.1%
and PHBV—GO/MXene 0.5% composite membranes were 36 MPa and 42 MPa, respec-
tively, which are comparable to those of PHA/GO-g-LAQ 5 wt% films with 39.8 MPa tensile
strength [4], higher than that of the PHA/ZnO 4 wt% nanocomposites, with 29.5 MPa ten-
sile strength and PHA/nanofibrillated cellulose (NFC) nanocomposites 5 wt%, with a ten-
sile strength of 34.4 MPa [75,76]. However, the tensile strength of the PHBV—GO/MXene
composite membranes decreased from 42 MPa to 29 MPa as GO/MXene content increased
from 0.5% to 1.0% (Figure 7A). This change may be triggered by the poor interfacial reaction
between PHBV and GO/MXene (Figure 5A) and the aggregation effect of GO/MXene
forming the fusiform structure, which also led to a decrease in elongation at break of the
PHBV—GO/MXene 1.0% composite membranes. Good dispersion and esterification reac-
tions may correspond to the increasing elongation at break of the PHBV—GO/MXene 0.1%
and PHBV—GO/MXene 0.5% composite membranes (Figure 5B). These results confirmed
that GO/MXene can greatly improve the tensile strength and elongation at break of PHBV.
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MXene (D), PHBV—GO/MXene 0.1% (E), PHBV—GO/MXene 0.5% (F), and PHBV—GO/MXene
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Figure 7. Stress-strain curves (A), elongation at break (B), antibacterial activity at 24 h and (C) platelet adsorption and blood
coagulation time (D) of PHBV of PHBV, PHBV—GO/MXene 0.1%, PHBV—GO/MXene 0.5% and PHBV—GO/MXene 1%
composite membranes.

E. coli and S. aureus bacteria are generally used to detect antibacterial activity against
gram-negative and gram-positive bacteria [4,75,77,78]. The antimicrobial activity against
E. coli and S. aureus bacteria of the PHBV and PHBV—GO/MXene composite membranes
was detected. The results are shown in Figure 7C and Figure S4. After 24 h of incubation,
the E. coli and S. aureus bacteria aggregated on the film surface and formed larger colonies
on the PHBV composite membranes, which indicates that PHBV has a poor bacterici-
dal ability (Figure 7C and Figure S5). Compared to the PHBV composite membranes,
PHBV—GO/MXene 0.1% composite membranes showed good bacterial reduction in E. coli
and S. aureus bacteria. The antibacterial activity of PHBV—GO/MXene 0.5% composite
membranes reached 95% (Figure 7C and Figure S5). The antibacterial activity of PHBV—
GO/MXene composite membranes increased from 95% to over 99% and the GO/MXene
content increased from 0.5% to 1.0% (Figure 7C and Figure S5). These results suggest that
PHBV—GO/MXene had a good antibacterial performance for the addition of GO/MXene.
Although some studies reported that GO has no antibacterial activity [4,77], GO/MXene
still showed excellent antibacterial properties in this investigation. These results may be
due to the excellent antibacterial properties of MXene [48].

Generally, haemostatic capacity can be characterized by the number of platelets, ad-
sorption and blood coagulation time [55]. The adsorption capacity towards platelet and
blood coagulation of PHBV and PHBV—GO/MXene composite membranes are presented
in Figure 7D. The pure PHBV composite membranes had a low adsorption capacity to-
wards platelets and long blood coagulation times (Figure 7D). Compared to pure PHBV,
PHBV—GO/MXene composite membranes had good platelet adsorption capacity. Among
them, the PHBV—GO/MXene 0.5% composite membranes adsorbed 1143 ± 43 × 108/m2,
almost five times that of the PHBV composite membranes (Figure 7D). The good platelet-
adsorption performance were consistent with the conclusions of BET and zeta potential,
which indicate that PHBV—GO/MXene 0.5% composite membranes have good application
prospects for haemostatic materials (Figures 4 and 5D). Moreover, the blood coagulation
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time of the PHBV—GO/MXene 0.5% composite membranes was also short, at 379 ± 34 s,
which was three times shorter than that of the PHBV composite membranes (Figure 7D).
The blood coagulation time of the PHBV—GO/MXene 1.0% composite membranes was
the fastest at 341 ± 28 s (Figure 7D). Therefore, the PHBV—GO/MXene 0.5% composite
membranes showed the best procoagulant properties. These results also indicate that
GO/MXene can significantly enhance the haemostatic properties of PHBV and PHBV—
GO/MXene composite membranes, which may be valuable in wound healing applications.

Previous investigations have reported that platelet adsorption can be affected by many
factors, such as surface properties [55]. Among them, hydrophobic surfaces can absorb
more platelets compared to hydrophilic surfaces [50,79]. For the PHBV—GO/MXene
composite membranes, the hydrophobic and rough surface may act as the active site
for platelet adsorption, while the GO and MXene embedded in the fibres may act as
hydrophilic active sites. Moreover, the GO and MXene may also react with PHBV and
form more ester bond groups, which can further improve the tensile strength. Furthermore,
due to the antibacterial properties of MXene, PHBV—GO/MXene composite membranes
have good antibacterial properties. Therefore, we believe that the good properties of GO
and MXene nanoparticles improve the mechanical properties, antimicrobial performance
and platelet adsorption of PHBV. There are also some limitations of this study, due to
the differences between rabbit and human platelets [80–82]. The 95–99% antibacterial
activity of PHBV—GO/MXene composite membranes is also not a remarkable antibacterial
performance. It is also necessary to improve the antibacterial ability of PHBV—GO/MXene
composite membranes.

4. Conclusions

In this investigation, GO/MXene nanosheets were successfully prepared and grafted
onto PHBV to obtain multifunctional, robust, and porous PHBV—GO/MXene compos-
ite membranes, with PVP acting as a pore-forming agent. The laminar structure and
hydrophilicity of GO and MXene nanosheets gave PHBV—GO/MXene composite mem-
branes superior hydrophilicity due to the presence of hydroxyl groups and terminal oxygen,
which also provided functional site for the free radical polymerization of ester bonds be-
tween GO/MXene and PHBV. The interfacial embeddedness of GO/MXene nanosheets in
the PHBV matrix significantly induced the crystallization behaviours of PHBV. Therefore,
the mechanical properties, antimicrobial performance, and platelet adsorption were re-
markably improved, which indicates that GO/MXene nanosheets contribute to enhancing
the properties of PHBV. The tensile strength, platelet adsorption, and blood coagulation
time of PHBV composite membranes were improved from 16 MPa, 213 ± 28 × 108/m2, and
1312 ± 116 s to 42 MPa, 1143 ± 43 × 108/m2, and 379 ± 34 s after incorporation of 0.5 wt%
GO/MXene nanosheets. The antimicrobial performance also reached 95% for the PHBV—
GO/MXene 0.5% composite membranes. These data supported that our investigation may
provide a promising method for preparing facile and high-performance PHBV nanocom-
posites that could offer prosperous applications for multifunctional haemostatic materials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13213748/s1, Figure S1: The SEM-EDS mapping of PHBV composite membranes,
Figure S2: The SEM-EDS mapping of PHBV—GO/MXene 0.1% composite membranes, Figure S3:
The SEM-EDS mapping of PHBV—GO/MXene 0.5% composite membranes, Figure S4: The SEM-EDS
mapping of PHBV—GO/MXene 1.0% composite membranes; Figure S5: Formation of bacteria
colonies: antibacterial activity of PHBV, PHBV—GO/MXene 0.1%, PHBV—GO/MXene 0.5%, PHBV—
GO/MXene 1%, and blank group composite membranes for E. coli and S. aureus, method of the
antibacterial activity test and detail platelet adsorption experiments
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Abstract: Plastic waste pollution and its difficult degradation process have aroused widespread
concern. Research has demonstrated that the larvae of Tenebrio molitor (yellow mealworm), Galleria
mellonella (greater wax moth), and Zophobas atratus (superworm) possess a biodegradation ability
for polystyrene (PS) within the gut microbiota of these organisms. In this study, the difference in
PS degradation and the changes of the gut microbiota were compared before and after feeding PS.
The results showed that superworm had the strongest PS consumption capacity and the highest
survival rate during the 30 d experiment period. They all could degrade PS to different degrees.
Superworm showed the highest ability to degrade PS into low-molecular-weight substances, while
yellow mealworm depolymerized PS strongly by destroying the benzene ring. The changes of the
intestinal microbiome caused by feeding PS showed that after ingesting PS, there was a decrease in
community diversity in superworm and yellow mealworm, but an increase in greater wax moth.
Meanwhile, Enterococcus and Enterobacteriaceae, found in all three species’ larvae upon 20 d of PS
feeding, might play an important role in PS degradation. The results will provide more accurate
PS degradation comparative data of the three species’ larvae and theoretical guidance for further
research on the efficient PS biodegradations.

Keywords: biodegradation; polystyrene; comparison; gut microbes; insect larvae

1. Introduction

It is generally believed that petroleum-based plastics, including polyethylene (PE),
polystyrene (PS), polyvinyl chloride (PVC), polypropylene (PP), etc., are widely used due to
their light weight, high strength, waterproof capacity, corrosion resistance, and low cost [1].
The convenience of using plastics by humans has led to the release of a large amount of
plastic waste into the environment. These waste plastics have stable chemical properties,
thus making it extremely difficult to naturally degrade them in the environment [2,3].
Therefore, they lead to the pollution of the soil, atmosphere, and water to different degrees.
These wastes breakdown into microplastics, which might enter an organism’s body and
accumulate there, seriously endangering the life and health of the organism [4].

Some of the traditional methods of disposing of waste plastic include incineration,
landfill, or chemical recycling, which cannot fundamentally solve the problem of environ-
mental pollution. Thus, biodegradation is an ideal way to solve this problem [5,6]. Previous
studies have been conducted on the biodegradation of plastic, in which several bacteria
and fungi were found to be capable of degrading plastic materials [7–9]. In recent years,
more and more insect larvae have been found to possess the ability to feed on, degrade, and
mineralize plastics, such as Tenebrio molitor L., Galleria mellonella L., Zophobas atratus Fab.,
Tenebrio obscurus Fab., Plodia interpunctella Htibner, Tribolium castaneum Herbst, Lasioderma
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serricorne F., Rhyzopertha dominica F., and Sitophilus oryzae L. [10–18]. Meanwhile, the plastic
consumption rate of insects is higher than that of bacteria and fungi, which are isolated
from various sources, such as soil, garbage, and sewage sludge [19–21]. Among these
insect larvae, three species have been studied further, including the yellow mealworm
(larvae of Tenebrio molitor L.), the greater wax moth (larvae of Galleria mellonella L.), and the
superworm (larvae of Zophobas atratus Fab.). The literature and our studies have shown
that all three insects can eat and degrade PS [16,22,23].

PS, as one of traditional petroleum-based plastics, is made from the polymerization
of styrene monomers. The annual production of PS reaches approximately 33 million t,
accounting for about 7% of the total global plastic production [24]. It is widely used in
various industries, agriculture, medical treatment, and all aspects of daily life. However,
PS waste is generated proportionally to its production, and a large amount of PS waste is
produced every year [25]. We hope to find effective PS degradation organisms and provide
the theoretical foundation to control plastic pollution. Therefore, in this study, the larvae
of yellow mealworm, greater wax moth, and superworm were chosen and prepared to
carry out the following research: (1) the three species of insect larvae were fed PS as their
sole diet to determine and compare their feeding abilities and their survival rates; (2) the
changes in the product properties of the larvae after feeding on PS were analyzed; (3) the
changes in intestinal microbiome of the larvae after feeding on PS were compared for all
three species’ larvae.

2. Materials and Methods
2.1. Test Materials

G. mellonella larvae (15–20 mm long) and beeswax were purchased from Huiyude Co.
(Tianjin, China). The larvae of T. molitor (20–25 mm long) and Z. atratus (30–40 mm long)
and wheat bran were purchased from Hongqiao Insect Breeding Plant (Tianjin, China).
Prior to the tests, G. mellonella larvae were fed with beeswax, while the larvae of T. molitor
and Z. atratus were fed with wheat bran. None of the larvae were fed with any kind of
antibiotics or additives. The larvae were starved for 36 h before the experiment to avoid
any effect of the previously eaten food.

Styrofoam (PS foam) was obtained from SINOPEC Beijing Yanshan Company (Beijing,
China). No catalysts and additives were added as per the manufacturing standard in China
(QB/T 4009-2010). The number-averaged molecular weight (Mn) and weight-averaged
molecular weight (Mw) were measured by GPC, and the values were 64,400 Da and
144,400 Da, respectively.

2.2. Feeding Tests

Each species’ larvae were divided into two groups (200 larvae per group). Each group
was reared in a polypropylene plastic container (L × W × H = 14 cm × 14 cm × 7 cm),
and the treated group was fed with Styrofoam blocks (3.0 g a group) as the sole diet. As
a control, G. mellonella larvae were reared on beeswax (3.0 g), and the larvae of T. molitor
and Z. atratus were reared on wheat bran (3.0 g), respectively. Additional Styrofoam blocks
and bran were added for 3 d to maintain adequate diet within each container. Both the test
group and the control group were prepared in triplicate (n = 3). The measurement of the
survival rates and plastic mass loss caused by the larval activities was carried out every
5 d and ended on Day 30. During the testing time, dead larvae and molted exoskeletons
were removed from the containers immediately to prevent them from being eaten by the
remaining larvae, as cannibalism existed in the later period. Containers were stored in a
controlled environment maintained at 25 ± 2 ◦C.

2.3. Collection and Characterization of Frass

The biodegradation assay was characterized by its weight loss and change in bonding
upon transforming the PS foam to frass. To obtain enough frass for characterization,
additional larvae (approximately 1000 for each group) were fed with Styrofoam blocks as
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their sole diet for 21 d. After the period, larvae were transferred to a clean container for the
collection of frass every 12 h. In this way, the carryover of uningested Styrofoam morsels
and molted exoskeletons in the frass was avoided. The collected frass was immediately
stored at −80 ◦C for further analysis, and the stored frass was characterized by four
methods as follows, with Styrofoam foam as the control sample.

The changes in molecular weight of Styrofoam or the degradation products in frass
were analyzed by gel permeation chromatography (GPC, Waters, GPC1525, Milford, MA,
USA). PS extraction from PS feedstock (1.0 g) and frass samples’ (1.0 g) collection from the
PS-feed larvae was performed by dissolving in tetrahydrofuran (THF) (Peng et al. 2019).

Fourier transform infrared spectroscopy (FTIR, Agilent, FTIR-660+610, Santa Clara,
CA, USA) was conducted in the range from 4000–500 cm−1 to characterize major functional
groups of PS feedstock and frass samples. Prior to the analyses, dry samples were ground
with KBr to prepare a homogeneous KBr pellet for scanning.

Thermal gravimetric analysis (TGA, TA, Q600, New Castle, DE, USA) was performed
to characterize thermal changes during the conversion of PS to frass. Samples of PS (5 mg)
and frass (5 mg) were analyzed within a temperature range of 40–800 ◦C at a rate of
20 ◦C/min. A high-purity nitrogen flow (99.999%) was used at a rate of 20 mL/min for
protection of the sample.

1H nuclear magnetic resonance (1H-NMR, Bruker BioSpin, AVANCE III HD 400,
Fällanden, Switzerland) was used to characterize changes in the end group of the egested
polymer at the ambient temperature. Samples were dissolved in deuterated chloroform
with 99.8% purity. 1H-NMR spectra were measured on a 400 MHz NMR spectrometer and
with 1H sensitivity ≥ 500:1 (0.1% EB, noise range of 200 Hz).

2.4. Analysis of Gut Microbial Community

Larvae of G. mellonella, T. molitor, and Z. atratus (200 per group) used for gut microbial
community analysis were fed with PS as their sole diet and maintained under the same con-
ditions as mentioned above. About 0.4 g of gut tissue was collected respectively on Day 0,
Day 10, and Day 20 for further analysis. Prior to the dissection, larvae were immersed in
75% ethanol for 1 min and dipped into saline 3 times. Then, their guts were removed and
put into a 1.5 mL centrifuge tube. The operation was performed in a sterile environment.
The samples collected were stored at −80 ◦C until further use. The V3–V4 region of the
16S rRNA gene of the sample was sequenced using Majorbio Bio-Pharm Technology Co.,
Ltd. (Shanghai, China). Microbial DNA was extracted using the E.Z.N.A.® Soil DNA Kit
(Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s protocol. The ampli-
cons were extracted with 2% agarose gel and further purified using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA). The purified amplicons were
pooled in equimolar and paired-end sequenced (2 × 300) on an Illumina MiSeq platform.

2.5. Determination of Degradation Products

Gas chromatography–mass spectrometry (GC–MS, Agilent, Agilent 7890A/5975C,
USA) was performed for further investigation of the intermediates and products generated
from the biodegradation of plastic. The samples of frass and gut were collected using
the process described above and pretreated based on the method mentioned by Lou et al.
(2020) with modifications. The ground frass and gut from the PS-fed larvae were extracted
with 10 mL of chloroform:methanol (2:1), then kept in a water bath at 55 ◦C for 3 h. The
solvents were allowed to evaporate, and the residual polymers were redissolved in 100%
hexane for the GC–MS analysis. The PS sample underwent the same pretreatment and
was treated as the control group. The GC–MS used HP-5 (30 m × 250 µm × 0.25 µm)
column and helium as the carrier gas. The oven temperature programming started at 40 ◦C
followed by a hold for 4 min, an increase to 280 ◦C at a rate of 10 ◦C/min, and a 5 min hold.
The compounds were identified based on the NIST17 database.
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2.6. Statistical Analysis

Statistical ANOVAs were performed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA).
Pairwise comparisons were analyzed by Student’s t-test, as all date were normally dis-
tributed. All error values are reported as the mean value ± the standard deviation.

3. Results and Discussion
3.1. Changes in PS Consumption, Larvae Weight, and Survival Rates

When Styrofoam was placed in a container as the only diet, superworms, greater wax
moths, and yellow mealworms began to feed on it and gradually produced etch loss. Dur-
ing the 30 d test, the PS mass consumption by superworms was 7.95 g, while that of the
greater wax moths and yellow mealworms was 3.08 g and 0.19 g, respectively. There was a
progressive increase in the PS consumption by all three species (Figure 1a). The average PS
consumption rates were found to be 2.78 ± 0.060 mg larva−1 d−1, 1.57 ± 0.066 mg larva−1 d−1

and 0.07 ± 0.009 mg larva−1 d−1, respectively (Table 1). During the 30 d experiment period,
the survival rate of larvae in the PS group and the feed group showed a downward trend,
and the survival rate of the three kinds of larvae showed a significant difference. The
survival rate of superworms, greater wax moths, and yellow mealworms in the feed group
was 93.67 ± 1.53%, 45.67 ± 3.06%, and 80.83 ± 7.11%, respectively, and that of the PS group
was 90.50 ± 0.50%, 27.00 ± 2.65%, and 75.5 ± 7.4%, respectively (Figure 1b). The results
showed that the survival rate of superworms was the highest, followed by the yellow
mealworm and the greater wax moths. For the same kind of larvae, the survival rate of the
PS group was lower than that of the feed group.
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Figure 1. PS consumption by superworms, greater wax moths, and yellow mealworms (a), the survival rate for the three
species’ larvae that were fed with PS and bran/beeswax (b). Z: superworms, G: greater wax moths, T: yellow mealworms.

After the experiment, the weight changes of the PS group were−51.67±1.15%,−43.61 ± 4.67%,
and −17.06 ± 5.28%, and the weight changes of feed group were +12.11 ± 3.37%, +18.89 ± 2.12%,
and +25.92± 1.84%, respectively. The results showed that all three kinds of larvae were able to feed
on PS; however, there were significant differences in PS consumption among the larvae of each species
(Table 1). Meanwhile, a marked decrease in the mass weight of the PS-feeding larvae was
observed. According to the comparison data of the survival rate and the weight changes
between the PS group and feed group, it can be noted that PS cannot meet the energy
needed for their growth and development. The study also showed that the PS consumption
rate and weight loss of the three kinds of larvae were found to be directly proportional
to their body size. The superworm was the largest in size, so the PS consumption rates
were recorded as high and its body weight changed the most; yellow mealworm was the
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smallest, and the PS consumption rate was the lowest and its own body weight changed
the least. This result is consistent with the analysis by Peng et al. [23], who stated that the
greater consumption capability of superworms was likely associated with their larger size
and intrinsically aggressive foraging habit.

Table 1. Summary of PS biodegradation by the three species’ larvae.

Larvae Initial Weight/Larva (g) Feed Weight Change at the End of
the Test (%) Survival Rate (%) mg PS/Larva/d

Superworm 0.86 ± 0.021
PS −51.67 ± 1.15 90.5 ± 0.5

2.78 ± 0.060 aBran +12.11 ± 3.37 93.67 ± 1.53
Greater wax

moth
0.21 ± 0.015

PS −43.61 ± 4.67 27 ± 2.65
1.57 ± 0.066 bBeeswax +18.89 ± 2.12 45.67 ± 3.06

Yellow
mealworm

0.08 ± 0.015
PS −17.06 ± 5.28 75.5 ± 7.4

0.07 ± 0.009 cBran +25.92 ± 1.84 80.83 ± 7.11

Values followed by different small letters (a–c) within a column are significantly different (p < 0.05).

3.2. Evidence and Differences of Biodegradation

The THF extract of frass and the THF-dissolved pristine Styrofoam were analyzed
using GPC, respectively. The results showed that the number-averaged molecular weight
(Mn) and weight-averaged molecular weight (Mw) of Styrofoam were 64,400 Da and
144,400 Da, respectively. The frass extractions from superworm, greater wax moth, and
yellow mealworm were 42,304 Da and 106,381 Da, 57,458 Da and 136,735 Da, 54,472 Da and
127,793 Da, respectively. It was clearly shown that the Mn and Mw of the frass of the three
species’ larvae showed a decline compared to that of the Styrofoam (Figure 2a). Generally,
the decline of Mn and Mw analyzed by GPC is considered as a major indication of polymer
modification, depolymerization, and degradation [13,26]. These results suggested that the
depolymerization of long chains of PS molecules and the lower molecular weight of the
degraded products were formed in the insect larvae’s guts. Meanwhile, the decrease in
both Mn and Mw of PS gave evidence of chain scission by enzymatic depolymerization or
microbial attack [27,28]. In this study, the molecular weight of the degradation products of
superworm was minimum, followed by yellow mealworm and greater wax moth, which
indicated that the intestinal microorganisms of superworm may have the highest ability to
degrade PS into low-molecular-weight substances.

TGA was used to detect the thermal modification of larvae from pristine Styrofoam to
frass at the end of the 30 d test. As shown in Figure 2b, the TGA curve of Styrofoam showed
only one sharp mass loss where more than 95% of the loss occurred between 380 ◦C and
440 ◦C, and the maximum decomposition rate occurred at 420 ◦C. In contrast, there was no
significant or sudden drop detected in the TGA curves for the frass of PS-fed larvae of the
three species. There was a gradual decrease in the curves from the beginning to 800 ◦C.
A sudden drop in the PS curve represented the degradation of PS at high temperatures.
However, the frass curve did not show any kind of degradation range, thus illustrating that
the PS content in frass was low or absent and the biodegradation of PS took, place resulting
in the formation of other compounds in the insect intestines. Compared to the curves of the
superworm and greater wax moth, yellow mealworm frass presented the lowest derivative
weight, which indicated that the PS content in the yellow mealworm frass was lower and
the degradation efficiency of PS was higher. Interestingly, yellow mealworm frass was
detected at one obvious mass loss stage at 50–100 ◦C; however, it was absent in the other
two larvae, which is in line with the findings of Yang et al. [12]. This was believed to be
related to the material source that was used for the experiment.
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The FTIR spectra were analyzed to study the oxidation and depolymerization of
Styrofoam to frass in the gut of larvae. The results showed that PS-fed larvae’s frass
presented more undulate peaks and obvious peaks at around 1075 cm−1, 1700 cm−1, and
3450 cm−1, thus representing C–O, C=O, and R–OH, respectively (Figure 2c). This finding
suggested that the oxidation and depolymerization processes of PS occurred in the gut
of the larvae [14]. Meanwhile, the frass of the three larvae produced similar FTIR spectra,
except yellow mealworm at a 650 cm−1 peak, which represented weak ring-bending
vibrations. These characteristic peaks indicated that the gut microbes of all three species’
larvae were able to degrade Styrofoam and that of yellow mealworm was found to destroy
the benzene ring.

The 1H-NMR spectra for PS and frass revealed new peaks in the frass of larvae that
fed on PS only. These peaks included δ 0, δ 0.9, δ 1.3, δ 5.4, and δ 7.2 and were detected in
the region of hydrogen bong changes. In addition, the frass of yellow mealworm presented
some unique peaks, such as δ 1.5–2.0, δ 3.5, and δ 6–7 (Figure 2d), which indicated that PS
may be depolymerized strongly by the gut microbes of yellow mealworm. Meanwhile, this
result was consistent with the FTIR conclusion that yellow mealworm could destroy the
benzene ring.

3.3. Comparison of Gut Microbial Diversity

The gut microbiome of insects has an important role to play in their digestion pro-
cess [29,30]. In order to determine and compare the changes of intestinal microbiome
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caused by feeding on polystyrene, the gut bacterial community richness, diversity, and
composition of three species’ larvae were detected at three stages (0 d, 10 d, 20 d) using Illu-
mina sequencing of 16S rRNA gene amplicons. A total of four-hundred and nine-thousand,
six-hundred and sixty-four sequences of nine samples were obtained and listed in Table 2
with sampling coverage above 0.99, thus suggesting that Illumina sequencing was capable
of detecting most of the reads. For greater wax moth and yellow mealworm, the OTU
trends of the three stages showed a decrease in value, but the trend increased for super-
worm. The OTUs of the 0 d yellow mealworm gut bacterial community were relatively
more than the other two groups. The Ace and Chao estimators were used to analyze the
community richness. The results showed that Tmol_0 had the highest taxonomic richness,
Gmel_0 and Gmel_10 had a lower taxonomic richness, while the other samples showed
similar richness. Meanwhile, the Shannon and Simpson indexes of the Alpha diversity
estimators were used to indicate community diversity. The results showed that there was a
change in the gut microbe species diversity with respect to the prolongation of PS feeding
time. Furthermore, the three species’ larvae showed different trends. The gut microbiome
showed higher diversity in superworm and yellow mealworm before feeding them with
PS. Upon PS feeding, a decrease in community diversity was observed in the case of super-
worm and yellow mealworm, but an increase was marked in the case of greater wax moth.
The difference in diversity at 0 d might be due to their initial dietary differences; however,
the difference on later days may be related to their gut ecophysiology [14]. Therefore, after
feeding them the same food, i.e., polystyrene, the gut microbiome began to develop in a
way that helped them digest it.

Table 2. Quality of the samples and bacterial diversity analyses based on Illumina sequencing of the
16S rRNA gene amplicons.

Sample Size OTUs Shannon Simpson Ace Chao Coverage

Gmel_0 52,347 35 0.180129 0.931893 50.41519 43.75 0.999543
Gmel_10 44,132 43 0.224694 0.925592 72.07289 60.1 0.999421
Gmel_20 48,381 13 1.336777 0.319691 13.375 13 0.99997
Tmol_0 36,796 1268 5.892504 0.009599 1269.646 1268.35 0.999756

Tmol_10 47,699 37 1.964937 0.197299 60.83233 42.6 0.999756
Tmol_20 43,830 27 1.605712 0.267592 38.36263 30.75 0.999817
Zatr_0 41,939 148 2.399686 0.189472 179.5835 168.6667 0.999024

Zatr_10 49,021 157 1.570013 0.32704 186.085 190.4762 0.998842
Zatr_20 45,519 161 2.337035 0.176703 199.1793 191.4412 0.998598

Beta analysis through principal co-ordinates analysis (PCoA) based on the Bray–Curtis
distance was carried out to reveal the differences of the sample community composition
among different groups of the three species’ larvae. According to Figure 3, feeding on PS
had an obvious influence on the gut microbial composition. Gmel_0, Tmol_0, and Zatr_0
presented long-distance comparisons with 10 d and 20 d PS-fed groups of each species’
larvae, thus indicating a conspicuous difference before and after feeding PS. Meanwhile,
Gmel_10 and Gmel_20 and Tmol_10 and Tmol_20 showed close distance comparisons with
Gmel_0 and Tmol_0, which showed that the longer the PS feeding time was, the smaller the
change in the gut microbial composition was for greater wax moth and yellow mealworm.
The trend was also observed in T. castaneum larvae and T. molitor larvae before and after
feeding with PS [14,17,28]. The distances of the Gmel_10, Gmel_20, Tmol_10, Tmol_20,
and Zatr_20 community were found to be relatively close, which showed a similarity of
their community composition. The findings showed that the degradation by the bacterial
community that was involved in PS degradation in the intestines of the three species’ larvae
was similar.
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larvae. Tmol: yellow mealworm, Gmel: greater wax moth, Zatr: superworm.

The microbial community composition for the three species was analyzed by com-
munity bar plot analysis (Figure 4) based on the phylum and genus level and community
heatmap analysis (Figure 5). The results showed that feeding on PS can induce the enrich-
ment of some intestinal microorganisms, which may be the microorganisms responsible
for PS digestion. For superworm, the core gut microbiome species were Enterococcus,
Enterobacteriaceae, Kluyvera, and Lactococcus; for greater wax moth, they were Enterococcus,
Enterobacteriaceae, Serratia, and Enterobacter; for yellow mealworm, they were Enterococ-
cus, Enterobacteriaceae, Escherichia-Shigella, and Lactococcus (Figure 4a). The bacteria affil-
iated with Enterococcus and Enterobacteriaceae were found in all three species’ larvae
of 20 d of PS feeding (Figures 4a and 5), which indicated their crucial role in PS degra-
dation. Figure 4b shows that Firmicutes and Proteobacteria were the predominant phyla
in the guts of 20 d PS-fed groups. This result is consistent with the results of previous
studies [16,28]. So far, many studies have successfully screened out the PS-degrading
microbes from the insects’ guts. A similar study was carried out by Wang et al. [17], who
investigated the gut microbiome of plastic- and bran-fed T. castaneum larvae and found that
Acinetobacter sp. was strongly associated with PS degradation. Later, they were successful
in isolating Acinetobacter sp. AnTc-1, which is a PS-degrading bacteria. Yang et al. [31]
isolated a PS degrading bacterial strain Exiguobacterium sp. YT2 from the guts of T. molitor
larvae. Brandon et al. [22] identified eight unique gut microorganisms associated with PS
biodegradation including Citrobacter freundii, Serratia marcescens, and Klebsiella aerogenes.
Woo et al. [32] isolated a PS-degrading strain Serratia sp. WSW from the gut flora of P. da-
vidis larvae. These isolated strains belong to Firmicutes or Proteobacteria. Heatmap analysis
also showed that four clusters were generated from the nine groups: Cluster I (Tmol_0,
Zatr_0, and Zatr_10), Cluster II (Tmol_10, Gmel_20, and Zatr_20), Cluster III (Gmel_0 and
Gmel_10), and Cluster IV (Tmol_20) (Figure 5), where each cluster implied a homology of
microbial community structure. That is to say, the guts with a long PS feeding time tended
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to cluster together, while those with a short PS feeding time tended to cluster into another
group. This result is consistent with the result of the Beta analysis.
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3.4. Analysis of Degradation Products

In PS metabolism, the formation of intermediates represents the digestion of the
PS by the larvae and its biodegradation [16]. Previous studies have reported that fatty
acids and carboxylic esters represent the generated metabolic intermediates of plastics [33].
GC–MS analysis was conducted to determine the intermediates and products during PS
metabolism in the gut and frass of larvae. The results revealed that a variety of acids and
alcohols, such as 2-propenoic acid, benzenepropanoic acid, behenic alcohol, and phthalic
acid, and long chain fatty acids, such as oleic acid, hexadecanoic acid, and octadecanoic
acid (Table 3), were detected in the frass and gut of larvae fed on PS, thus representing
the possible metabolism of the benzene structure and biodegradation of PS. In addition,
2-propenoic acid and behenic alcohol were detected in the frass of all three species’ larvae.
Hexadecanoic acid was detected in the gut of all three species’ larvae. These results
suggested that some of these gut microbes present in these three insect larvae were similar
in their physiology and action of disrupting the bonding sites in the PS. Then, the microbes
were found to be Enterococcus and Enterobacteriaceae, as mentioned above. Compounds
with oxygen were detected in the PS samples, and some compounds appearing to be toxic
and dangerous, such as phenol, heptane, and toluene, were also detected, which may be
attributed to plasticizers, antioxidants, and other additives in the plastic foam [4]. However,
these toxic and dangerous compounds were not detected in the gut and frass of larvae,
suggesting that they may have been degraded by the larvae. Although the larvae degraded
these compounds, which may also be harmful to them, this may also be a reason for the
low survival rate of the treated group.
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Table 3. Chemical compounds of PS and the frass, and gut of larvae analyzed by GC–MS.

Larvae Sample Chemical Compound

Greater wax moth
Frass 2-propenoic acid, behenic alcohol, benzenepropanoic acid, acetic acid,

6-tetradecanesulfonic acid
Gut Hexadecanoic acid, oxalic acid, phthalic acid, benzenepropanoic acid, benzoic acid

Yellow mealworm
Frass 2-propenoic acid, behenic alcohol, benzenepropanoic acid, silicic acid,

[1,2,4]triazo[1,5-a]pyrimidine-6-carboxylic acid
Gut Hexadecanoic acid, 9-octadecenoic acid, z-8-methyl-9-tetradecenoic acid

Superworm Frass 2-propenoic acid, behenic alcohol, 9-octadecenoic acid, phthalic acid,
hexadecanoic acid, methoxyacetic acid

Gut hexadecanoic acid, stearic acid, phthalic acid, 6-octadecenoic acid
PS phenol, heptane, toluene, o-xylene, 3-(benzylthio)acrylic acid

4. Conclusions

The eating and degradation of plastics by insect larvae is a new way to solve white
pollution. The biodegradation of PS and the changes of the intestinal microbial diversity
occurred in the insect guts, which may be closely related to these changed intestinal
microorganisms. Currently, scientists have screened out the PS-degrading bacteria from
the gut of some insect larvae. However, insect larvae and intestinal microorganisms have
a mutually beneficial symbiotic relationship. After eating plastic, not only the intestinal
microorganisms of insect larvae play an important role in the biodegradation of plastic,
but also their enzyme system plays a crucial part in the degradation process. Therefore,
further study is needed to determine the interaction between these insects and their gut
microorganisms to reveal the degradation mechanism of plastic by insect eating.
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Abstract: Fabricating polymeric scaffolds using cost-effective manufacturing processes is still chal-
lenging. Gas foaming techniques using supercritical carbon dioxide (scCO2) have attracted attention
for producing synthetic polymer matrices; however, the high-pressure requirements are often a tech-
nological barrier for its widespread use. Compressed 1,1,1,2-tetrafluoroethane, known as Freon R134a,
offers advantages over CO2 in manufacturing processes in terms of lower pressure and temperature
conditions and the use of low-cost equipment. Here, we report for the first time the use of Freon
R134a for generating porous polymer matrices, specifically polylactide (PLA). PLA scaffolds pro-
cessed with Freon R134a exhibited larger pore sizes, and total porosity, and appropriate mechanical
properties compared with those achieved by scCO2 processing. PLGA scaffolds processed with Freon
R134a were highly porous and showed a relatively fragile structure. Human mesenchymal stem cells
(MSCs) attached to PLA scaffolds processed with Freon R134a, and their metabolic activity increased
during culturing. In addition, MSCs displayed spread morphology on the PLA scaffolds processed
with Freon R134a, with a well-organized actin cytoskeleton and a dense matrix of fibronectin fibrils.
Functionalization of Freon R134a-processed PLA scaffolds with protein nanoparticles, used as bioac-
tive factors, enhanced the scaffolds’ cytocompatibility. These findings indicate that gas foaming using
compressed Freon R134a could represent a cost-effective and environmentally friendly fabrication
technology to produce polymeric scaffolds for tissue engineering approaches.

Keywords: 3D scaffolds; biomaterial engineering; tissue engineering; mesenchymal stem cells;
polymeric foams; surface functionalization; protein nanoparticles; cell growth; compressed fluids;
Freon R134a

1. Introduction

Scaffolds for tissue engineering should be degradable and biocompatible and have
an appropriate porous structure and mechanical properties to allow cell colonization
and growth [1–5]. Indeed, the presence of pores is essential not only for allowing cell
migration and growth but also for enabling the diffusion of nutrients, oxygen and metabolic
waste, which are necessary for the tissue regeneration process. Although cell migration
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and nutrient transport are ensured with the presence of intercommunicated pores of
approximately 150 µm in diameter, larger sizes (>300 µm) are recommended to promote
vascularization and enhance osteogenesis [2]. However, a high degree of porosity usually
implies a reduction in the mechanical properties of scaffolds, which could compromise the
structure’s integrity [4–6]. Consequently, a compromise between the pores’ structure and
dimensions and the mechanical properties is required.

Developing cost-effective procedures to fabricate synthetic polymers with controlled
porous structures is an ongoing challenge in the biomedical engineering field. A variety
of methods are available, including conventional solvent casting/particulate leaching,
thermally induced phase separation, freeze drying, compression molding, electrospinning,
as well as more advanced processing and fabrication methods such as those based on 3D
printing [2,7,8]. However, all such conventional methods entail the use of organic solvents
and high temperatures during the fabrication process, which limit their use when loading
bioactive molecules into the matrices. Indeed, growth factors and other proteins are prone
to denaturation at high temperatures or in the presence of certain organic solvents. In
addition, solvent residues can trigger undesired harmful side effects at the implantation site.
Salt leaching with sodium chloride is a common strategy for obtaining porous scaffolds;
however, pore size distributions are difficult to reproduce, and therefore the scale-up of
this procedure is highly challenging. Moreover, additive manufacturing methods such
as rapid prototyping, which enables the generation of patient-customized, precise, and
complex architectures, face several scale-up and cost-related difficulties that limit their
massive clinical application.

An attractive alternative for overcoming the limitations associated with conventional
methods is the “gas foaming” technique, which uses supercritical carbon dioxide (scCO2) to
obtain materials with a high degree of porosity (up to 80%) [9–11]. This organic solvent-free
process can occur at physiological temperatures, allowing the incorporation of biological
agents [12–16]. scCO2 is an attractive solvent because it is non-toxic, non-flammable
and relatively inert [5,17]. Foaming with scCO2 requires pressures above the critical
value (around 10 MPa) to achieve the gas’ supercritical state. To achieve these processing
conditions (Tc of 304 K and Pc of 7.38 MPa), high-pressure equipment is required [18].
An alternative to scCO2 is 1,1,1,2-tetrafluoroethane, commercially known as Freon R134a
or norflurane, which despite its higher price provides significant advantages over CO2
in supercritical processing, including a much lower pressure and temperature setting to
become liquid (<2 MPa at room temperature), resulting not only in a reduction of the
risks associated with working at high pressures but also in the cost of the equipment,
with less specialized units and fittings, thereby facilitating its industrial application [19].
Similar to scCO2, Freon R134a is non-toxic and non-flammable, with insignificant ozone
depletion potential compared with other freons, and it is currently used in numerous
biomedical applications [20]. Freon R134a can be more easily compressed and recycled in
a gas-foaming process than CO2 due to the lower Pc of Freon R134a. To our knowledge,
however, its use for preparing polymeric scaffolds using the gas foaming technique has not
been attempted to date.

The functionalization of scaffold surfaces with bioactive factors has been investigated
as a strategy to enhance cell colonization and growth [3,21–23]. Inclusion bodies like
protein nanoparticles (pNPs) are deposits formed in bacteria due to recombinant protein
overexpression [24]. These pNPs (in the range of few hundreds of nanometers) are com-
monly found in the bacteria cytoplasm [25]. In the past, such pNPs have been described as
an obstacle in recombinant processes and considered as non-desired products. However,
recent studies have demonstrated their potential as bioactive factors for tissue engineering.
These protein aggregates not only are non-cytotoxic but, when incorporated to surfaces,
also generate mechanical and biochemical signals that stimulate cell adhesion and prolif-
eration [26–32]. The addition of bioactive factors to scaffolds can be achieved by various
strategies, with direct surface adsorption being the most frequently used [4,21].
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Due to their biocompatibility and biodegradability, polylactide (PLA) and poly(lactide-
co-glycolide) (PLGA) saturated aliphatic polyesters stand out among the synthetic polymers
used for tissue engineering [33–38]. In this study, we explored the use of compressed Freon
R134a for processing PLA matrices at low pressure and compared the results with the
same polymeric matrices processed at higher pressure using the well-implemented scCO2.
For comparative purposes, we also fabricated PLGA matrices using compressed Freon
R134a. To enhance their bioactivity, pNPs derived from green fluorescence protein (GFP),
a commonly used marker for live-cell imaging, were used to functionalize the surface
of the resulting porous scaffolds by means of a filtration process. Lastly, to explore the
suitability of scaffolds processed with compressed fluids and functionalized with pNPs for
bone tissue engineering applications, we investigated their cytocompatibility using human
mesenchymal stem cells (MSCs) as precursors of osteoblasts, the bone-forming cells.

2. Materials and Methods
2.1. Materials

We employed semicrystalline polylactide (PDL, LLA; abbreviated as PLA) and amor-
phous PLGA with different molecular weights and inherent viscosities. The PDL, LLA
(70:30, with inherent viscosity between 5.7–6.5 dL/g), Resomer® LR 708 (molecular weight,
150,000 Da), and PLGA (50:50, with inherent viscosity between 0.32–0.44 dL/g), and RE-
SOMER RG503 (molecular weight, 30,000 Da) were purchased from Evonik Röhm GmbH
(Darmstadt, Germany). Carbon dioxide (purity 99.995%) and Freon R134a were supplied
by Carburos Metálicos-Air products S.A. (Barcelona, Spain).

2.2. Methods
2.2.1. Preparation of Polymer Disks

The desired mass of polymer was weighed and placed in a special polytetrafluoroethy-
lene mold with a diameter of 13 mm and formed by two detachable parts, allowing for
disk removal after preparation. The polymer pellets were then compressed with 3 tonnes
for 20 s to form compressed non-porous polymer disks using a hydraulic press (Perkin
Elmer, Waltham, MA, USA). Due to the lower diffusion of compressed fluids in semicrys-
talline polymers than in amorphous ones [9], an annealing pretreatment to amorphize the
crystalline region of PLA was performed. As shown by the thermograms of the differential
scanning calorimetry (DSC) (PerkinElmer DSC 8500 Lab System) (Supplementary Materials,
Figures S1 and S2), the PLA crystalline phase was removed by thermal annealing of the
disks in an oven at 150 ◦C. Fifteen minutes were sufficient for the complete amorphization
of the PLA prior to its processing with compressed fluids. DSC analysis of the annealed
PLA was performed from 20 ◦C to 250 ◦C at a heating rate of 10 ◦C/min. One mg of the
sample was sealed into a 40-µL aluminum pan and heated under a nitrogen purge of 50
mL/min. the temperature calibrations were performed using indium as the standard.

2.2.2. 3D Porous Scaffold Fabrication Using Compressed Fluids

We prepared 3D porous scaffolds from the polymer disks using a foaming process with
compressed fluids in a high-pressure plant at a laboratory scale (Figure 1). Several polymer
disks were placed in a high-pressure vessel using a special stainless-steel basket divided
into seven levels. The vessel, R (300 mL), was pre-heated to the working temperature
(Tw) and then pressurized to the desired pressure (Pw) by adding the corresponding
compressed fluid (scCO2 or Freon R134a). A high-pressure pump (P1 or P2) was used to
introduce the compressed fluid into the vessel up to the desired working pressure. The
polymer/compressed-fluid mixture was maintained at Pw for a specific soaking time (ts).
The vessel was then depressurized from Pw to ambient pressure at a constant flow rate
by opening valve V-7 to 60% of its aperture. The foaming process occurs in three different
steps. First, the polymer matrix is saturated with the corresponding compressed fluid at the
working pressure and temperature. Second, once saturation is achieved, the diffusion of
the compressed fluid forms a single phase of polymer/compressed fluid. Third, a decrease
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in pressure causes phase segregation, and the compressed fluid evaporates, leading to the
generation of pores or foaming of the polymer. The resulting foamed polymeric matrices
were then cut with a diamond saw to eliminate the generated outer non-porous layer
and to shape the specimens as cylinders with a radius of 15 mm and thickness of 3.5 mm.
Non-complete foaming of the polymer disks was detected visually by the non-expansion
of the disk and by the presence of non-foamed polymer at the center of the disk, once it
was cut with the diamond saw (Supplementary Materials, Figure S3). The resulting porous
specimens were stored for 1 week at room temperature until no loss of weight (due to gas
release) was registered, the specimens were then kept at 4 ◦C until use.
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2.2.3. Porous Scaffold Characterization
Solid Density and Porosity

We calculated the density of the foamed (“apparent”) and unfoamed (“absolute”)
scaffolds with a helium pycnometer (Ultrapycnometer 1200e, Quantachrome Instruments,
Boynton Beach, FL, USA). For the foamed disks, the pycnometer determined the volume oc-
cupied by the solid material plus the volume of the closed porosity, while for the unfoamed
disks, the device determined the volume of solid material without pores.

The porosity, including the closed and open porosity, was estimated by correlating the
porosity (P) to the density (ρ) of the foamed and unfoamed materials [39]. We calculated the
total porosity (PT) of the prepared materials by dividing the geometric density (ρgeometric) by
the unfoamed density (ρunfoamed), using the formula PT = [1 − (ρgeometric/ρunfoamed)]×100,
where the geometric density (ρgeometric) refers to the density of the foamed disk, once the
outer layer was removed, and using the foamed mass and geometric volume. We calculated
this volume with the theoretical volume of a cylinder (v = π·r2·h, where r is the radius of
the disk and h is the height). The diameter and height of each disk was measured using a
standard caliper (Mitutoyo, Tokyo, Japan). Similarly, we calculated the closed porosity (Pclosed)
by dividing the foamed density (ρpycnometry) by the unfoamed density (ρunfoamed), using the
formula Pclosed = (1 − ρpycnometry/ρunfoamed)×100. We then obtained the open porosity (PO)
simply as the difference between the total and closed porosity (i.e, PO = PT − Pclosed).
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We calculated the mean porosity values and corresponding standard deviations from
the experimental measurements performed on three samples of each type of scaffold.

Morphology by Scanning Electron Microscopy (SEM)

We analyzed the microscopic and nanoscopic morphologies of the porous polymeric
matrices by scanning electron microscopy (Quanta 200 FEG-ESEM, FEI, Hillsboro, OR,
USA). Prior to the analysis, the porous disks were coated with gold for 4 min at 20 mA in a
sputter coater (K550X, Emitech, Surrey, UK) by modifying the inclination of the holder to
achieve a homogeneous coverage of the scaffolds.

Micro X-ray Computed Tomography

All scaffolds were characterized using X-ray micro-computed tomography (SkyScan-
1272; Bruker, Kontich, Belgium), a non-destructive analysis in which the pore size distri-
bution and 3D visualization can be simultaneously obtained. Cylindrical scaffolds with a
thickness 3.5 mm and diameter of 15 mm were mounted in the equipment. Analyses were
performed with a charged-couple device camera at a pixel size of 9 µm, using a source
voltage of 50 kV and a current of 200 µA. All generated images were saved in TIFF format
with a pixel size of 12 µm. We employed NRecon software (Micro Photonics, Allentown,
PA, USA) to reconstruct cross-section images from the tomography projection images.

Rheological Properties

We measured the rheological properties of the porous scaffolds through the small-
amplitude oscillatory shear technique, as previously shown [40–42], using a rheometer
(HAAKE RheoStress RS600, Thermo Electron Corporation, Waltham, MA, USA) with a
rotor diameter of 10 mm. This technique consists of applying a small-amplitude torsional
oscillation that generates a shear flow on the sample. Strain and frequency sweeps were
performed to determine the range of pressure and frequency where the scaffolds maintain
their viscoelastic behavior and achieve the value of the shear modulus (G’).

2.2.4. pNPs Production and Purification

pNPs were produced in the E. coli strain MC4100, transformed with the expression
vector pTV1GFP. E. coli was grown in LB-rich medium supplemented with 100 µg/mL of
ampicillin and 30 µg/mL of streptomycin at 37 ◦C and 250 rpm. Production of pNPs was
induced when reaching an optical density at 550 nm of 0.5 by adding 1 mM isopropyl Beta-
D-1-thiogalactopyranoside. After 3 h, the cell cultures were harvested for pNPs purification
with a combination of mechanical and enzymatic procedures, as previously described [43].

2.2.5. Porous Scaffold Functionalization with pNPs

Surface functionalization of the porous scaffolds was performed using a filtration
procedure in which an aqueous suspension of pNPs was forced through the porous ma-
terial. We first resuspended 600 µg of pNPs in 20 mL of phosphate-buffered saline (PBS)
supplemented with a mixture of 1.6 mL of tetracycline, kanamycin and chloramphenicol
to prevent microbial contamination of the scaffolds during their manipulation. The sus-
pension was sonicated for 10 min, and 5 mL of the suspension was then filtered through
the porous specimen to decorate the material. To increase the efficiency of the process, the
procedure was repeated 3 times, each time using the same previously filtrated 5 mL. The
pNPs-loaded scaffolds obtained were dried with compressed air and weighed before (m0)
and after filtration and after the drying process (mf). The scaffolds were kept at −20 ◦C
until use. pNPs loading was calculated using the following equation: (mf−m0)/m0.

We estimated the amount of pNPs retained on the surface of the functionalized scaf-
folds using a fluorescence spectrophotometer (Cary Eclipse Fluorescence Spectrometer,
Santa Clara, CA, USA) by comparing the fluorescence intensities at 510 nm of the sus-
pension before and after the decoration process. To study the penetrability of pNPs into
PLA-based scaffolds, we cut a cross-section of the scaffold using a diamond wire saw and
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mounted it on glass-bottom slides (Nunc, Wiesbaden, Germany). Images were taken using
a TCS SPE confocal microscope (Leica, Wetzlar, Germany). The fluorescence from pNPs
was excited with a 488-nm laser line and collected at the emission range of 495–590 nm.

2.2.6. Cell Culture and Viability Assay

Purified human bone marrow-derived MSCs (CD105+, CD29+, CD44+, CD14−, CD34−

and CD45−) were purchased from Lonza (Basel, Switzerland). The cells were cultured in
a defined medium (Lonza) consisting of basal medium and SingleQuots growth supple-
ments containing fetal bovine serum (FBS), L-glutamine, penicillin, and streptomycin. All
experiments were performed below seven cell passages. The experiments were performed
in duplicate using cells isolated from three different donors aged 20–31 years. Before cell
seeding, scaffolds decorated or not with pNPs were incubated in DMEM containing 15%
FBS and antibiotics (DMEM-15%FBS) for 24 h. We seeded 2 × 105 MSCs on scaffolds
placed in 24-well plates and cultured them in DMEM-15%FBS for 1–18 days. Cell viability
was evaluated using the alamarBlue assay (Biosource, Nivelles, Belgium). Cells were
incubated in DMEM containing 10% alamarBlue dye; 3 h later, the fluorescence emitted
by the cell-reduced alamarBlue was quantified using a spectrofluorometer (Synergie4,
Evry, France).

2.2.7. Immunofluorescence Assays

The MSCs cultured for 8 days on the scaffolds were washed with PBS followed by
fixation in 4% (w/v) paraformaldehyde in PBS and permeabilization with 0.1% Triton X-100
in PBS. For fibronectin immunostaining, the cells were blocked in 2% bovine serum albumin
(BSA) in PBS containing 0.05% Tween 20 and then incubated with mouse anti-human
fibronectin monoclonal antibody (Santa Cruz, Heidelberg, Germany) diluted 1:50 in 1% BSA
in PBS. The cells were washed with 0.05% Tween 20 in PBS followed by incubation with goat
anti-mouse Alexa-Fluor 488 (Molecular Probes, Leiden, The Netherlands) diluted 1:1000
in 1% BSA in PBS. To label actin cytoskeleton, the cells were stained with PBS containing
4 × 10−7 M phalloidin-TRITC (Sigma-Aldrich, Madrid, Spain). For nuclei staining, the
cells were incubated in PBS containing 3 × 10−6 M 4,6-diamidino-2-phenylindole (DAPI;
Sigma) before the confocal microscopy examination.

2.2.8. Statistical Analysis

Experiments were conducted in duplicate, and the data are presented as mean values
± SD of four independent experiments. The statistical analyses were performed using the
Statistical Package for the Social Sciences, version 15.0 (SPSS Inc., Chicago, IL, USA). The
quantitative data were tested using the Kruskal-Wallis test followed by Dunn’s multiple
comparison test, and the level of significance was set at p < 0.05.

3. Results and Discussion

We studied the processing conditions of PLA with CO2 and Freon R134a compressed
fluids and their influence on the physicochemical and mechanical properties of the resulting
porous matrices. We also functionalized the surface of the obtained 3D porous matrices
with bioactive pNPs and evaluated their in vitro cytocompatibility by culturing MSCs on
them. Given that the bioactivity of 3D porous scaffolds depends not only on the fabrication
routes and processing media but also on the nature of the material, we processed PLGA (a
polymer widely used in the biomedical field) with Freon R134a.

3.1. Preparation of 3D Porous Scaffolds

The three most common options for polymer foaming with compressed fluids are
batch foaming, foam extrusion and the injection foam molding [9]. The methodology used
in this study for preparing 3D porous scaffolds was based on batch foaming process, which
is extensively employed in research because it allows for a fine control of the processing
variables and is relatively simple to perform. However, extrusion foaming is the industrially
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preferred option for foaming due to its adaptability for continuous production and easier
scaling-up potential [44].

The general experimental procedure employed in this study to prepare the various
types of porous polymeric matrices consisted of several steps (Figure 2). In a high-pressure
vessel, polymer disks were exposed to compressed fluids (either Freon R134a or scCO2) at a
given working pressure (Pw) and temperature (Tw) to ensure the compressed fluid reached
a supercritical state for a suitable soaking time (t), depending on the polymer/compressed
fluid mutual diffusivity, to allow sorption and fluid solubilization in the polymeric matrix.
This was then followed by a depressurization step, which induced gas bubble nucleation
and growth and the formation of the porous structure.
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Figure 2. Scheme of the experimental procedure for preparing 3D porous scaffolds. (a) First, polymeric disks were prepared
from PLA or PLGA polymer pellets. (b) The disks were then transformed into porous scaffolds using compressed fluid
processing in a high-pressure plant. (c) The non-porous skin layer was cut out, obtaining a porous scaffold disk. (d) The
disk was subsequently loaded with bioactive pNPs by a filtration procedure.

While scCO2 requires working pressures >10 MPa, Freon R134a requires almost an
order of magnitude lower pressure (2 MPa) [45]. Although all resulting 3D scaffolds
showed a porous structure, they also presented an outer non-porous layer. Outer layer
formation, previously reported for the CO2 foaming process [16,46,47], has been attributed
to rapid gas diffusivity as the gas escapes from the scaffold surface during depressurization
and to the solubility of the CO2 at the pressure employed, the effects of which have been
previously described [48]. The same mechanism could explain the formation of the outer
non-porous layer in the case of the dense Freon. When depressurizing, the solubility of
the Freon decreases, and, consequently, the diffusivity increases, resulting in the formation
of this undesirable layer, which acts as a barrier for deep cell colonization and for the
delivery of inductive factors to the inner part of the scaffold. We therefore developed a
cutting procedure to remove the outer layer of the scaffold using a diamond saw, obtaining
porous disks with the desired thickness of 3.5 mm. Lastly, the resulting 3D porous scaffolds
were internally functionalized with controlled amounts of GFP-based pNPs. The gas
foaming processing conditions evaluated for PLA and PLGA are shown in Table 1, which
lists the operational process values for the pressure, temperature and soaking times that
yielded complete foaming of the polymer disks and appropriate scaffold characteristics,
such as a high degree of porosity and mechanical strength, to behave as scaffolds for
tissue engineering. Foaming with Freon R134a required a slightly higher temperature than
foaming with scCO2, as well as a longer soaking time.

Given that the molecular weight and viscosity of PLGA is lower than that of PLA, the
solubility of dense Freon inside the polymer increases. Consequently, a lower Tw is needed
to produce the expansion of PLGA disks inside the vessel. Indeed, a smaller mass of PLGA
was employed to prepare the polymer disk due to the higher expansion during processing.
It is known that the diffusion of compressed fluids is much lower in semicrystalline poly-
mers than in amorphous ones, due to the free volume effect [9]. Therefore, the annealing
pretreatment causing an amorphous transformation of the crystalline region of PLA was
essential for achieving a complete polymer expansion by gas foaming. This pre-treatment
was not needed for PLGA due to its amorphous nature.
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Table 1. Experimental conditions for preparing the porous polymeric matrices.

Stage Processing Parameters
Material

PLA PLA PLA PLA PLGA

Polymer disk
preparation

Thermal annealing Yes Yes Yes Yes No

m (g) 0.4 0.4 0.8 0.8 0.3

T (◦C) 150 150 150 150 -

Applied pressure (Kg) 3000 3000 3000 3000 500

Porous scaffold
fabrication

Compressed fluid Freon R134a Freon R134a scCO2 scCO2 Freon R134a

Tw (◦C) 40 40 35 35 35

Pw (MPa) 2 2 10.3 10.3 2

Soaking time, t (h) 3 3 2 2 2

pNP Scaffold
decoration - No Yes No Yes No

3.2. 3D Porous Scaffold Characterization

Using SEM and micro-computed tomography, we characterized the morphology and
pore size distribution of PLA processed with Freon R134a or scCO2 and of PLGA scaffolds
processed with Freon R134a.

The SEM images of the longitudinal and cross-sections of the processed polymers
revealed porous structures for the three materials (Figure 3), confirming that dense Freon
can be used to successfully prepare 3D porous scaffolds of PLA and PLGA. Moreover,
PLA-based scaffolds processed with Freon R134a showed larger pores with thinner walls
than those processed with CO2.
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The microtomography analysis confirmed the heterogeneous pore size distributions
in the three fabricated 3D structures, which were especially wide when Freon R134a was
employed as the processing media. Indeed, the PLA and PLGA scaffolds processed with
Freon R134a showed a heterogeneous pore size distribution, with high proportions of pores
larger than 500 µm (Figure 4). Conversely, PLA processed with scCO2 exhibited a more ho-
mogeneous pore size distribution, with a high proportion of 50–500-µm pores. The impact
of pressure on the diffusivity is linked to the plasticization effect and hydrostatic pressure,
which is a key factor at higher pressure because it decreases the available free volume in the
polymer mixture leading to a reduced diffusion coefficient. However, the plasticizing effect
of the foaming agent at lower pressure is the key factor because it increases the polymer
chain mobility, which in turn results in a higher diffusion coefficient [49,50].
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A valuable processing aid in any gas foaming process is the plasticization of the
polymer brought about by the dissolved blowing agent, which could induce a significant
reduction in the melting and glass transition temperatures. In the case of CO2, this effect is
well-reported [9]. Taking into account these considerations, the larger pore size and the
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larger total porosity of PLA achieved with Freon R134a at low pressure, compared with
that achieved by scCO2 processing, is likely due to the larger Tm reduction and larger
plasticization of the PLA upon exposure to Freon R134a. This could also be linked to the
hydrostatic pressure under high pressure scCO2 processing, which might cause a decrease
in gas diffusivity due to the reduction in the available free volume in the system.

Given that the minimum pore size that allows cell growth within scaffolds is ap-
proximately 150 µm [51–53] and that bone regeneration is enhanced with pore sizes of
approximately 300 µm and higher [54], the pore structures obtained by the mild and
environmentally friendly processing with Freon R143a seem to be adequate for tissue
engineering applications.

To further characterize the scaffolds porosity and pore size, mercury intrusion may
be considered. Due to the high pressures applied to the materials under study, however,
mercury intrusion is not recommended when working with non-rigid materials, like those
in this study, because of potential pore re-arrangement [55,56]. Thus, as detailed in the
Methods section, the porosity of the three different materials was finally evaluated through
the absolute density of unfoamed disks, the apparent density of foamed disks and the
geometric densities as determined by helium pycnometry (Table 2 and Supplementary
Materials (Figure S4)). Open porosity values were not directly measured. Instead, they
were calculated by subtracting the closed porosity from the total porosity, which explains
their relatively high errors compared with those of Pclosed and PT. As expected, the
three tested materials were found to be highly porous, with values >80% in terms of
total porosity. PLGA-based scaffolds presented the highest degree of total porosity, while
the lowest corresponded to the PLA-based scaffolds processed with scCO2. However,
large percentages of closed pores (>80%) were obtained in the PLA and PLGA scaffolds
produced with Freon R134a, because of the gas foaming technique. In contrast, the PLA-
based scaffolds processed with scCO2 exhibited lower closed porosity values (56.9%) and,
therefore, a higher volume of open pores. At the explored processing conditions, the
pore size was larger in the Freon R134a-processed materials, although scCO2 led to larger
degrees of internal connectivity.

Table 2. Porosities of the studied 3D porous scaffolds.

Material Total Porosity, PT
(%)

Closed Porosity,
Pclosed (%)

Open Porosity, PO
(%)

PLA-Freon R134a 92.8 ± 2.0 83.2 ± 3.3 9.6 ± 1.3
PLA-scCO2 82.3 ± 0.9 56.9 ± 7.5 25.4 ± 6.6

PLGA-Freon R134a 96.7 ± 0.8 89.1 ± 3.3 7.6 ± 3.4
Mean porosity values and the corresponding standard deviations were calculated, as described in Methods
section, from experimental measurements performed over 3 samples of each type of scaffold.

Although a high degree of porosity, as well as large and open pores, are generally de-
sired to facilitate cell ingrowth and vascularization, these characteristics might result in the
scaffolds’ loss of mechanical properties due to the increased void volume, compromising
their structural integrity. We performed a rheological analysis of the scaffolds to character-
ize their structural integrity by determining the dynamic (G’) and loss modulus (G”) in the
linear-viscoelastic regime (Figures 5 and S5). Strain sweeps were performed at a constant
frequency of 1.0 Hz, and the pressure was varied from 100 Pa to 2000 Pa to study the range
in which the scaffolds show a constant G’. We then fixed a value of 500 Pa and performed
frequency sweeps from 0.1 Hz to 100 Hz. All scaffolds showed a linear G’ behavior from
100 Pa to 1500 Pa, except PLA processed with Freon R134a, whose linear range was 100–550
Pa (Figure 5A). The frequency varied from 0.1 Hz to 15 Hz for all samples (Figure 5B).
The modulus achieved showed that the PLA processed with scCO2 was the hardest and
most compact scaffold, reaching stability at 4.52 ± 0.58 MPa, followed by PLA processed
with Freon R134a, which is also hard (G’ = 1.08 ± 0.49 MPa) within a similar range. The
morphology, degree of heterogeneity and orientation of the pores, as well as the pore size
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distribution and open porosity, strongly influence the scaffold’s mechanical behavior. In
this regard, differences in the shear moduli of PLA processed with CO2 and Freon134a
can be related to their differences in porosity and pore size and distribution. As expected,
the PLGA scaffold was the softest (G’ = 0.52 ± 0.08 MPa), resulting in a relatively fragile
structure (see Supplementary Materials, Figure S5). Bone shows a complex, anisotropic
structure in which highly different types of non-homogeneously distributed organic and
inorganic matter are present. In addition, changes related to anatomical location, shape and
physiopathological conditions result in major variations of the measured mechanical pa-
rameters, with the shear modulus values of trabecular bone ranging from 8 to 40 MPa [57].
Although the G’ values of the PLA scaffolds processed with scCO2 and FreonR134 are close
to those measured in bone, these scaffolds might not meet the mechanical requirements for
repairing load-bearing defects. However, there might be a window of opportunity in the
treatment of non-load-bearing defects (e.g., for repairing craniofacial defects). Reinforced
porous matrices could be obtained by preparing composites of polymer and bioceramic
fillers. In fact, supercritical CO2 foaming allowed for the manufacture of porous com-
posites of PLA and hydroxyapatite or β-TCP microparticles with superior viscoelastic
properties [58].
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3.3. Surface Functionalization of 3D Porous Scaffolds with GPF-Based pNPs

We next attempted to decorate the PLA scaffolds processed with Freon R134a or scCO2
with pNPs that promote cell growth [43]. GFP-based pNPs were adsorbed on the surface of
the inner and external porous walls by means of a filtration step, and their localization was
observed by confocal microscopy taking advantage of the pNP fluorescence, confirming
that the internal connectivity of the pores created with Freon R134a or scCO2 allowed pNPs
to reach the inner pores of the scaffold (Supplementary Materials, Figure S6). However, we
observed slightly higher loading of pNPs in the scaffolds generated with scCO2 than with
Freon R134a, both on the surface and inside the material. Quantification of retained pNPs in
the functionalized scaffolds revealed that 69.8 ± 3.8% and 75.4 ± 2.2% of the loaded pNPs
were adsorbed into the PLA scaffolds processed with Freon R134a and scCO2, respectively.
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3.4. Cytocompatibility of 3D Porous Scaffolds

To evaluate the cytocompatibility of the PLA and PLGA scaffolds processed with
Freon R134a, we cultured MSCs on these materials for 1–18 days (Figure 6). The metabolic
activity data after culturing for one day showed that both polymeric matrices support
MSC attachment, as observed in previous studies in which this cell type was cultured on
polymeric scaffolds developed by conventional techniques [59,60]. The composition of
the polymer has been shown to influence the scaffold’s structure [61]. In fact, processing
of PLA and PLGA polymers with Freon R134a led to the generation of scaffolds with
different structures, which might affect MSC behavior. The MSCs’ metabolic activity at day
1 was notably higher on the PLA scaffolds than on the PLGA scaffolds. The MSC viability
on the PLGA scaffolds also did not increase over culture time (Figure 6A), suggesting
that the physicochemical properties of PLGA scaffolds, including sharp edges (Figure 3C)
and fragile microstructure (Figure S2), were inadequate for supporting MSC attachment
and growth. In contrast to that observed for PLGA, the physicochemical properties of
the PLA scaffolds processed with Freon R134a provided a more suitable environment
for cell growth. A comparison between the PLA scaffolds processed with Freon R134a
and with scCO2 revealed that the metabolic activity of the MSCs cultured for 1 day was
reduced on the matrices processed with Freon R134a, which could be attributed to lower
cell adhesion. The morphological features of the porous interfaces and, in particular, the
pore sizes have an important effect on the number of cells that can attach and adhere to
the materials. Regardless of the biomaterial or adherent cells tested, seeding efficiency
decreases as the pore size increases [62–64]. Increased pore size reduces the surface area
within the structure, lowering the available space for cell adhesion and limiting the cell
attachment sites. In our study, MSCs likely attached at a higher extent to the surface of
the PLA scaffolds processed with scCO2, with a higher proportion of 50–500-µm pores,
than to scaffolds processed with Freon R134a, with a higher proportion of pores >500 µm
(Figure 4). In addition to increased pore size, the PLA scaffolds processed with Freon R134a
exhibited topographical features consisting of curved surfaces limited by sharp ridges
(Figure 3), which could hinder the formation of focal adhesions, structures providing cell
anchoring to attachment sites in the substrate. MSC viability increased from day 1 to day 8
on the PLA scaffolds processed with Freon R134a, and the increase was more pronounced
than that observed on the matrices processed with scCO2. The metabolic activity of the
MSCs cultured on the PLA scaffolds remained constant at day 13 and decreased at day
18. The microscopic examination revealed that the MSCs cultured for 8 days reached
confluence on the PLA scaffolds processed with Freon R134a or scCO2 and displayed
spread morphology with a similarly well-organized actin cytoskeleton and a dense matrix
of fibronectin fibrils (Figure 6B). Lastly, we studied the impact of functionalized PLA
scaffolds with pNPs [27,28,65]. There were no signs of toxicity promoted by pNPs in
the cells cultured on the pNP-decorated scaffolds, as revealed by alamarBlue assay and
DAPI staining. On the contrary, the functionalization of the PLA scaffolds processed with
Freon R134a or scCO2 improved MSC viability, an effect observed at all studied periods.
High tunability regarding protein composition, as well as the architectural features of
pNPs, provides a huge range of possibilities for combining mechanical, biochemical and
temporal stimulation of selected cellular responses such as adhesion, proliferation and
differentiation [43,66,67].

Although the pore interconnectivity and open porosity of the fabricated structures
is low, open porosity is expected to increase as the scaffold degrades, facilitating cell
migration to the inside. Scaffolds processed with Freon R134a show a high percentage of
pores larger than 500 µm (Figure 4) and with a wall width between pores much smaller
than the pore size, as clearly observed in the SEM images of longitudinal and cross-sections
of the processed polymers (Figure 3). The features of Freon R134a-processed PLA are
ideal for the rapid formation of open porosity, which depends on the rate of polymer
degradation and on the microscopic structural characteristics of the separation between
the scaffold’s pores.
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4. Conclusions

Scaffolds consisting of PLA can be successfully engineered by compressed fluid
technology using dense Freon R134a as a solvent media, obtaining desirable structural
characteristics such as a high degree of total porosity (>80%) with high proportions of
pores larger than 500 µm and a G’ of 1.08 ± 0.49 MPa. This manufacturing method is
performed at a working pressure of 2 MPa, nearly one order of magnitude lower than
that employed in scaffold manufacturing with scCO2 (>10 MPa). CO2 is a gas at 2 MPa
and above 25 ◦C; therefore, polymer foaming at such low pressures cannot be achieved
with this compressible gas. This reduced operating pressure will have a positive impact
in terms of reduced equipment and operational costs and increased safety and on process
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scalability of industrially relevant foaming technologies, such as extrusion foaming and
bead foaming, performed up to now with scCO2 at higher pressures.

In this study, we produced for the first time polymeric porous materials for biomedical
applications using dense Freon R134a as a solvent media and demonstrated its processing
advantages, which could be further improved upon through technological development.
Further research on optimizing the processing parameters such as the working pressure
and depressurization flow, which have been shown to have a significant impact on CO2-
processed polymeric scaffolds and could likely lead to enhanced results in terms of a higher
percentage of open porosity with dense Freon R134a and even higher cytocompatibility.
The presented method could also be employed for polymers in which the compressed
gas can diffuse and plasticize. Freon R134a has been shown to be a good plasticizer,
and it can solubilize in polyvinyl acetate, cellulosic polymers, and certain vinylidene
fluoride polymers, in addition to saturated aliphatic polyesters, such as PLA and PLGA,
thereby promising a wide applicability of the methodology reported herein [68]. In vitro
studies using human MSCs have shown that PLA scaffolds processed with Freon R134a are
cytocompatible. This study also demonstrates for the first time that pNP functionalization
of PLA scaffolds processed with Freon R134a is an effective approach for increasing the
viability of osteoprogenitor cells, taking into account its processing advantages.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13203453/s1, Figure S1: DSC thermogram of raw PLA before annealing, Figure S2:
DSC thermogram of PLA after annealing at 150 ◦C, Figure S3: Picture of a PLA scaffold with a
non-complete foaming visually observed at the center of the disk., Figure S4: Absolute and apparent
densities of the studied porous scaffolds, Figure S5: (A) Strain and (B) frequency sweeps of PLA
processed with Freon R-134a (blue) and scCO2 (red) as well as PLGA processed with Freon R-134a
(grey squares), Figure S6: pNPs penetrability in PLA-based scaffolds.
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Abstract: Vectors and carriers play an indispensable role in gene therapy and drug delivery. Non-
viral vectors are widely developed and applied in clinical practice due to their low immunogenicity,
good biocompatibility, easy synthesis and modification, and low cost of production. This review
summarized a variety of non-viral vectors and carriers including polymers, liposomes, gold nanopar-
ticles, mesoporous silica nanoparticles and carbon nanotubes from the aspects of physicochemical
characteristics, synthesis methods, functional modifications, and research applications. Notably,
non-viral vectors can enhance the absorption of cargos, prolong the circulation time, improve ther-
apeutic effects, and provide targeted delivery. Additional studies focused on recent innovation of
novel synthesis techniques for vector materials. We also elaborated on the problems and future
research directions in the development of non-viral vectors, which provided a theoretical basis for
their broad applications.

Keywords: non-viral vectors; polymers; liposomes; gold nanoparticles; mesoporous silica nanoparti-
cles; carbon nanotubes

1. Introduction

With the development of biotechnology, drug delivery and gene therapy play an
important role in the treatment of many diseases such as hereditary diseases, malignant
tumors, cardiovascular diseases, infectious diseases, and neurodegenerative diseases [1–6].
However, there are some drawbacks containing rapid degradation [7–9], nontargeted
delivery [10,11], unsatisfactory efficacy [12], multiple side effects [13,14] after nucleic acids,
proteins, peptides, and other substances entering the body circulation. Therefore, suitable
vectors, effective transport route, or chemical modification are necessary to improve the
pharmacokinetic properties [15–18]. A growing number of vectors for gene therapy or
vaccines and carriers for drug delivery have been extensively researched owing to their
facile use, targeting ability, high bioavailability, and good biocompatibility [19–21].

Viruses, such as adenovirus, vesicular stomatitis virus, cytomegalovirus, lentivirus,
and retrovirus, are commonly used vectors because of highly infectious, effective delivery,
and efficient expression [22–25]. However, viral vectors have several limitations including
toxicity, immunogenicity, carcinogenicity, high cost, and difficulty of large-scale production
in clinical practice [26–28]. Consequently, more and more scientists have turned their
attention to the development of non-viral vectors and carriers [29–31]. Recent studies
have shown that non-viral vectors have the following advantages: low immunogenicity,
biodegradability, easy synthesis, low cost of production, and no restriction on the size of the
molecules to be introduced [32–36]. The most extensively researched non-viral vectors are
mainly polymers, liposomes, and nanoparticles [37–42]. This review introduces several non-
viral vectors that have been extensively studied in the past few decades and summarizes
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their biomedical applications, providing a theoretical basis for the development of new
non-viral vectors in the future (Figure 1). Table 1 shows the characteristics and commonly
used preparation methods of several non-viral vectors. Table 2 shows the patent reports
related to non-viral vectors in recent years.
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Table 1. The characteristics and preparation methods of several non-viral vectors.

Vector Characteristics Preparation Methods

Polymers

Easy to synthesize
Low cost

Biodegradable
No immunogenicity

Allow to be extensively modified

Solvent evaporation
Emulsification–solvent diffusion

Solvent displacement
Monomer polymerization

Double emulsion solvent evaporation

Liposomes

Low toxicity
Good biocompatibility

Improved pharmacokinetics
Ease of synthesis

Thin film hydration
Reverse-phase evaporation

Injection
Dehydration-rehydration

Freeze-thaw
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Table 1. Cont.

Vector Characteristics Preparation Methods

Gold nanoparticles
Good stability and biocompatibility
High surface area-to-volume ratio

Easy to modify

Turkevich method
The brust method

Digestive ripening method
Green method

Mesoporous silica
nanoparticles

Substa
Ntial surface area

Large pore size
Low density

Adsorption capacity
Tunable pore size

Ease of modification
High biocompatibility

Sol–gel
Hydrothermal
Green method

Carbon nanotubes

Good adsorption ability
Excellent chemical stability

High tensile strength
Significant electrical

Thermal conductivity

Arc discharge
Chemical vapor deposition (CVD)

Laser ablation

Table 2. The patent reports related to non-viral vectors in recent years.

Vector Summary References

Polymer Gene transfer composition using a tri-block polymer electrolyte being
polyethyleneimine-polylactic-acid-polyethylene-glycol [43]

Polymer A methoxypolyethylene glycol-polylactic acid block copolymer was prepared to
improve the drug encapsulation rate [44]

Polymer The chitosan modified with a carboxymethyl group and a hexanoyl group can be
used as a material for a drug carrier [45]

Polymer Chitosan microspheres capable of precisely controlling the release of the drug [46]

Polymer Alginate extraction method [47]

Polymer Injectable hybrid alginate hydrogels [48]

Liposomes A method for preparing a Decoy nucleic acid cationic liposome carrier [49]

Liposomes An efficient, stable human lung tissues-active targeting immune nanoliposome, with
specific active lung targeting [50]

Liposomes A liposome preparation, a preparation method and an application thereof in
treatment for related diseases caused by abnormal expression of gene [51]

Gold nanoparticles A method for producing confeito-like gold nanoparticles using hydroxyl peroxide in
an aqueous alkaline condition in the presence of a biocompatible protecting agent [52]

Gold nanoparticles Method for the size controlled preparation of these monodisperse carboxylate
functionalized gold nanoparticles [53]

Silica nanoparticles Mesoporous silica nanoparticles and supported lipid bi-layer nanoparticles for
biomedical applications [54]

Silica nanoparticles Mesoporous silica nanoparticles with lipid bilayer coating for cargo delivery [55]

Carbon nanotubes Payload molecule delivery using functionalized discrete carbon nanotubes [56]

Carbon nanotubes Carbon nanotubes for imaging and drug delivery [57]

2. Polymers

Recent trends in biodegradable polymers, especially aliphatic polymers, indicate
significant developments in terms of novel design strategies and clinical biomedicine
applications [58]. Polymer as a non-viral vector has the following advantages: (1) easy
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to synthesize and low cost [59]; (2) multiple polymers are biodegradable [60]; (3) no
immunogenicity [61]; (4) allow being extensively modified [62]; (5) ability to protect the
nucleic acid drugs from various enzymes by forming polyelectrolyte complexes [63]. There
are four main types of production methods: solvent evaporation, emulsification–solvent
diffusion, solvent displacement and monomer polymerization [59]. Various polymers
such as dendrimers, polylactic acid (PLA), polyethylenimine (PEI), and chitosan (CS)
have been widely used in delivery systems [51,64–68]. Table 3 summarizes the structural
characteristics, synthesis methods and properties of several polymer materials.

Table 3. The information of several polymer materials.

Polymer Structure Synthesis Methods Characteristics Limitations

Dendrimers
Linear polymers with

dendron on each
repeating unit

Divergent approaches,
Convergent approaches

Uniform size,
High degree of

branching,
Polyvalency,

Water solubility,
Available internal cavities

-

Polyethylenimine
Cationic polymer of

ethylenediamine
monomers

- High transfection
efficiency High toxicity

Chitosan

Repeating β -(1,4)-2-
amino-D-glucose and
β-(1,4)-2-acetamido-D-

glucose
units

Chemical method,
enzymatic Good biocompatibility

Poor solubility in
water,

Low transfection
efficiency

Polylactic acid The polymerization of
lactic acid

Direct condensation
polymerization,

Azeotropic dehydration
condensation,

Lactide ring-opening
polymerization,

Double emulsion solvent
evaporation technique

Strong plasticity,
Low price,

Good versatility
Poor hydrophilicity

Amino acid derived
biopolymers

Amino acid
polymerization

Direct polycondensation,
Solution or activated

polycondensation,
Ring-opening

polymerization,
Interfacial

polymerization,
Melt polycondensation,

Chemoen-zymatic
synthesis

Wide-range of functional
groups,

Good biocompatibility

Production of
by-products in the
synthesis process

Alginate Linear copolymer

Ionic crosslinking,
Covalent crosslinking,

Phase transition,
Cell crosslinking,

Free radical
polymerization,
Click chemistry

easy availability,
hydrophilicity,

biodegradability,
versatility

Aggregation
tendency with

protein at high pHs

2.1. Dendrimers

Dendrimers are linear polymers with dendron on each repeating unit and have a
hyper-branched 3D structure [61,69]. Their size, degree of branching and functionality can
be controlled and adjusted through the synthetic procedures [70]. Meanwhile, dendrimers
contain a variety of peripheral functional groups, which can be functionally modified using
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surface engineering technology such as antibody, transferrin, biotin, folic acid, galactose,
and peptide [71–73]. A variety of dendrimers such as poly (propylene imine) (PPI) den-
drimers, polyamidoamine (PAMAM) dendrimers, and poly-L-lysine (PLL) dendrimers
were synthesized by divergent and convergent approaches [74]. Guan et al. prepared fluo-
rescent PAMAM dendrimer by conjugating PAMAM dendrimers to fluorescein. The vector
has low cytotoxicity and high siRNA binding affinity which can improve the efficiency of
Cy5-siRNA delivery in A549 cells [75]. Mastorakos et al. prepared the hydroxyl PAMAM
dendrimer-based gene vectors which had high gene transfection efficiency and the stability
of compound can be improved after polyethylene glycol treatment [76]. Liaw et al. pre-
pared targeted novel hydroxyl dendrimer to deliver CSF-1R inhibitor BLZ945 (D-BLZ),
these dendrimers penetrated into orthotopic brain tumors and localize specifically within
TAMs. In vivo experiments on mice showed that the dendritic polymer could improve the
therapeutic effect of D-BLZ on glioblastoma [77].

2.2. Polyethylenimine

Various molecular weights of PEI can be synthesized by linear and branched forms [78].
Because PEI has a large amount of positive charge on its surface, it can be adsorbed together
with negatively charged nucleic acid drugs through electrostatic action to protect them from
lysosomal degradation [79–83]. However, PEI cannot be degraded in vivo, and its high
toxicity limits its application development [84,85]. Various polyethylenimine derivatives
containing coordination groups have been developed to reduce toxicity [86,87]. Mattheo-
labakis et al. used polyethylenimine, hyaluronic acid, and polyethylene glycol to produce
a polymer with a good ability to deliver siRNA to A549 cells [88]. Zhou et al. prepared
a PEI derivative modified by a cyclic amine derivative. Compared with unmodified PEI,
modification with cyclic amine derivatives can significantly reduce cytotoxicity. At the
same time, the polymer has a good antagonistic effect on Chemokine receptor CXCR4, and
has a good inhibitory ability on tumor cell invasion (Figure 2) [83]. Low molecular weight
PEI has lower toxicity, but the transfection efficiency is correspondingly lower [89]. More
and more studies have been conducted to modify low molecular weight PEI to improve
transfection efficiency [90,91]. Zhang et al. modified PEI 600 Da with aromatic rings in
order to improve DNA affinity. Cell uptake experiments showed that the polymer had
higher transfection efficiency for DNA compared with PEI 25 kDa. Meanwhile, the toxicity
of the polymer has low toxicity in both 7702 and HeLa cells by CCK-8 assay [92].
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2.3. Chitosan

Chitosan (CS) is one of the most abundant biopolymers derived from natural chitin
that commonly exists in the exoskeletons of arthropods, crustacean shells, insects, and
fungal cell walls [93]. CS can be degraded by internal enzymes, which makes chitosan
have good biocompatibility [94,95]. Like other cationic polymers, chitosan is linked to
nucleic acids by electrostatic interaction [96,97]. However, the poor solubility in water
and low transfection efficiency are the main factors limiting its application [98–100]. The
presence of amino and hydroxyl groups makes chitosan easy to modify, modification of
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chitosan with other substances such as PEI, gold nanoparticles, PLGA, and PEG have
been widely reported [101]. Chen et al. incorporated hydrophobic deoxycholic acid
(DCA) onto the chitosan backbone of poly (amidoamine) dendronized chitosan derivative
(PAMAM-Cs) to obtain an amphiphilic derivative-PAMAM-Cs-DCA. Doxorubicin was
wrapped inside the particle, and pDNA was electrostatically adsorbed on the surface
of the particle. The system delivered both pDNA and drugs at the same time, and the
transfection efficiency reached 74%. These results suggested that PAMAM-Cs-DCA NPs
hold great promise to co-deliver chemotherapeutics and nucleic acid drugs [102]. Lee et al.
prepared the triphenylphosphonium-glycol chitosan derivative (GME-TPP) with 36%
substitution by Michael addition. GME-TPP microspheres successfully targeted DOX
delivery to mitochondria in cells, which indicated the microsphere possess great potential
as effective drug delivery carrier [103]. Babii et al. synthesized mannosyl chitosan with
a degree of substitution of 15%. The particle has high encapsulation efficiency for CpG
oligodeoxynucleotides (CpG ODN) and can target CpG ODN to immune cells, which
indicated the particle may be used as an efficient carrier for intracellular CpG ODN
delivery [104]. Masjedi et al. prepared targeted nanoparticles by modifying N, N, N-
trimethyl chitosan with hyaluronic acid, which had low toxicity and high transfection
efficiency for siRNA. The particle loaded with siRNA can block the proliferation of cancer
cells by inhibiting the expression of IL-6/STAT3 [105].

2.4. Polylactic Acid/Poly (Lactic-Co-Glycolic Acid)

PLA and PLGA are biodegradable functional polymer organic compounds with
good biocompatibility and encapsulation properties which can be metabolized in the
body [106,107]. The synthesis of polylactic acid by direct condensation is described in the
following four ways: (1) direct condensation polymerization; (2) azeotropic dehydration
condensation; (3) lactide ring-opening polymerization; (4) double emulsion (water/oil/
water) solvent evaporation technique [108–110]. The characteristics of strong plasticity, low
price and good versatility have enabled them to be developed for biomedical applications
such as drug delivery [111–113]. Zabihi et al. prepared poly (lactide-co-glycerol) (PLG)
particles by combining hyperbranched polyglycerol and PLA. The encapsulation efficiency
of this particle on tacrolimus is 14.5%, which was able to improve the skin penetration and
therapeutic efficiency of this therapeutic agent [114]. Ren et al. prepared a dextran modified
PLGA microsphere that delivered IL-1 receptor antagonist (IL-1RA). The microsphere
can prolong the half-life of IL-1RA, allowing it to be released continuously. The results
showed that IL-1ra-loaded dextran/PLGA microsphere might be a useful tool to combat
periodontal disease [115]. Bazylińskaet al. prepared effective nanocarriers coated with
PLGA, PLGA-PEG, or PLGA-FA by double emulsion evaporation process, which enabled
co-encapsulation of cisplatin and verteporfin. The nanocarriers successfully delivered
cargo to target cells and significantly enhanced the ability of drugs to kill cancer cells [116].

2.5. Amino Acid Derived Biopolymers

Amino acids have become promising biomaterials for their abundant source and
diverse functional groups. Various polymerization methods are used to synthesize differ-
ent types of amino acid derived biopolymers such as polyamides(PA)s, polyesters(PE)s,
poly(ester-amide)s(PEA)s, polyurethanes(PU)s, and poly (depsipeptide)s (PDP)s [117].
Commonly used synthesis pathways are as follows: Direct polycondensation [118]; so-
lution or activated polycondensation [119]; ring-opening polymerization [120]; interfa-
cial polymerization [121]; melt polycondensation [122]; chemoenzymatic synthesis [123].
Poly(α-amino acid)s have the capability of readily self-assemble into discrete, stable, struc-
tures in solution. The positive charge of poly(beta-amino ester)s can bind to nucleic acids
and be internalized into cells. At the same time, they can escape from the endolysosomal
compartment and release nucleic acids into the appropriate cell compartment for gene
delivery through a variety of targeted degradation mechanisms [68]. In addition, abundant
functional groups provide multiple modification sites for amino acid derived biopolymers.
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Various ligand-modified amino acid derived biopolymers were extensively studied in drug
delivery (Table 4).

Table 4. Various responsive Amino acid derived biopolymers are used to deliver cargos.

Type Ligands Stimulus Cargo References

ssPBAE HA PH/redox DOX/CXB [124]

LPAE - Light DNA [125]

PBAE PEG PH VP [126]

PBLG PEG PH/Temperature DOX [127]

PBAE - PH ATRA [128]

SCA-PAE HA PH siRNA [129]

2.6. Alginates

Alginate (ALG) is a linear copolymer compound which has (1, 4)-linked-β-D- man-
nuronic (M) and α-L-guluronic (G) acid units [130]. The composition and length of the
M and G units determine the molecular and physicochemical properties of ALG. ALG is
a widely used anionic biopolymer due to its easy availability, hydrophilicity, biodegrad-
ability and versatility. The hydroxyl groups and carboxyl groups of ALG can be modified
easily by oxidation, acetylation, and esterification reactions [131]. The wide particle size
distribution of ALG enables it create complexes with various other biomaterials by elec-
trostatic interactions, chemical modification, or crosslinking [132]. The most important
property of alginates is their ability to form ionic gel in the presence of polyvalent cations.
So–gel is the most commonly used form of carrier for ALG. In recent years, the methods of
producing hydrogels included ionic crosslinking, covalent crosslinking, phase transition,
cell crosslinking, free radical polymerization, and click chemistry [130]. Alginate hydrogels
have outstanding properties such as high-water content, nontoxicity, soft consistency, and
biodegradability [133]. Meanwhile, alginate hydrogels can regulate the release of the drug
according to the pH of the surrounding medium [134]. In addition, ALG can also be
developed into microspheres and nanoparticles for drug delivery. Table 5 illustrates several
alginate-based drug delivery systems.

Table 5. Various alginate-based vehicles used in drug delivery.

Carriers Type Cargo References

ALG/Keratin Hydrogels Doxorubicin [135]

ALG/HA/Folate Hydrogels OXA [136]

ALG/CS/BSA Microcapsule DOX [137]

ALG/PEG Microspheres Polystyrene [138]

ALG/CS Nanoparticles Cur [139]

ALG/Laponite Nanohybrids DOX [140]

3. Liposomes

Liposomes are spherical vesicles composed of one or more layers of phospholipids
which belong to amphiphilic molecules, hydrophilic drugs are encapsulated in a water
core, and hydrophobic drugs are embedded in the lipid bilayer of the vesicle [141–143].
Liposomes as carriers have many advantages, including low toxicity, good biocompatibility,
improved pharmacokinetics, and ease of synthesis [144–146]. The commonly used prepara-
tion methods are thin film hydration, reverse-phase evaporation, injection, dehydration-
rehydration, and freeze-thaw. Liposomes are widely used in cancer treatment, viral in-
fection, infectious disease, vaccines, and other medical research [147–150]. However,
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unmodified liposomes are unstable in structure, thus are easily eliminated in the body’s cir-
culation, making drugs unable to effectively reach target organs and target sites [151–153].
Therefore, various ligand-targeting liposomes and stimulus-responding liposomes have
been developed to improve the delivery and targeting performance of liposomes [154–159].
Table 6 shows that liposomes modified with different ligands to deliver different cargos.

Table 6. Various ligands modified liposomes to deliver different cargos.

Ligands Stimulus Cargo References

H16 peptide - Alpha-galactosidase A [160]

Ferritin receptors - Resveratrol [161]

Lactoferrin - Doxorubicin [162]

PEG and anti-EphA10 antibody - siRNA [163]

Anti-CD44 aptamer - siRNA [164]

DSPE–PEG-2000 Temperature Doxorubicin [165]

Peptide H7K(R2)2 PH dDoxorubicin [166]

Superparamagnetic magnetite Magnetic Field 5-fluorouracil [167]

Hyaluronic acid Redox Doxorubicin [168]

Enzymatically cleavable peptide
linkers GFLG enzyme pDNA [169]

3.1. Ligand-Targeting Liposomes

Peptides as ligands have the advantages of small size, easy production, and high
stability [170]. Peptides can be combined with liposomes through various covalent and
non-covalent bonds, and are mainly divided into cell-penetrating peptides (CPP) and
cell-targeting peptides (CTP) [171–173]. RGD sequences are the most widely used class of
liposomal binding peptides, especially in tumor therapy [174]. Kang et al. developed a
cyclic peptide c(RGDyC) modified liposomal delivery system to deliver the integrins αvβ3,
which had a higher cellular uptake compared with liposomes without c(RGDyC) [175].
Belhadj et al. designed a Y-shaped multifunctional targeting material c(RGDyK)-pHA-PEG-
DSPE to deliver DOX, which prolonged the survival time of mice [176]. The encapsulation
rate of RGD-DXRL-PEG liposomes prepared by Chen et al. for doxorubicin was more
than 98%, and the cellular doxorubicin uptake for RGD-DXRL-PEG was about 2.5-fold
higher than that for DXRL-PEG (Figure 3) [177]. CPP typically contains 5 to 35 amino acid
residues and is widely used in cancer treatment [178]. Ding et al. constructed CPP-modified
pH-sensitive PEGylated liposomes (CPPL) which had high cell-penetrating and endosomal
escape abilities [179]. Hayashi et al. developed H16 peptide-modified liposomes (H16-Lipo)
which effectively delivered alpha-galactosidase A (GLA) to intracellular lysosomes and
improved proliferation of GLA knockdown cells [160]. Some other types of peptides have
also been used to modify liposomes. Chen et al. used peptide-20 modified liposome as a
carrier for DOX delivery, and U87 cells had a high uptake rate of this liposome [177]. Jhaveri
et al. used ferritin receptors modified liposomes to deliver resveratrol, which has a good
effect on inhibiting tumor growth and improving the survival rate of mice [161]. Wei et al.
developed a lactoferrin modified, polyethylene glycolated liposomes for doxorubicin
delivery. The results of experiments in mice indicated that the liposome-loaded DOX has
the potential to treat hepatocellular carcinoma [162].

Various immune liposomes can be obtained by attaching antibodies to the surface of
liposomes using surface engineering techniques [180–182]. Gao et al. developed a liposome
system modified with anti-EGFR Fab to deliver DOX and ribonucleotide reductase M2
siRNA, in vivo and in vitro experimental results showed that the vector system can im-
prove the efficiency of gene therapy and had a certain therapeutic effect on hepatocellular
carcinoma [183]. Saeed et al. prepared the immunoliposomes coupled to anti-MAGE A1
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TCR-like single-chain antibody which can be specifically bound to and be internalized by
positive melanoma cells [184]. Zang et al. prepared liposomes modified by PEG and anti-
EphA10 antibody, the immunoliposome significantly improved the transfection efficiency
of siRNA in MCF-7/ADR cells [163].
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An aptamer is a short synthetic single stranded DNA or RNA that can specifically
bind to the target through hydrogen bonds, Van der Waals forces and electrostatic in-
teractions [185,186]. Using aptamers as ligands has the characteristics of small volume,
simple synthesis process, low toxicity, good stability, high affinity, and good targeting
selectivity [187]. Alshaer et al. used anti-CD44 aptamer (APT1) modified liposome as
a carrier system for siRNA delivery and achieved a good gene silencing effect in tumor
cells [164]. Powell et al. used Aptamer A6modified liposome as a vector to deliver siRNA
to breast cancer cells which enhanced cytotoxicity and antitumor efficacy [188]. Li et al.
combined Aptamer AS1411 with PEGylated liposome surface to prepare a targeted carrier
for siRNA delivery. Cell uptake experiment results showed that the accumulation of siRNA
in tumor cells was greater than that in normal cells. Meanwhile, the carrier system showed
significant silencing activity in tumor xenograft mice and inhibited the melanoma growth
which indicated that the targeted delivery system of liposomes may have potential in the
treatment of melanoma [189].

Molecules such as folate and sugars also serve as ligands for liposomes [190–192].
There are also studies devoted to the development of liposome carriers modified with vari-
ous ligands, multivalent ligands have multiple binding groups and enhance the therapeutic
efficacy of drugs [193]. Kang et al. prepared a dual ligand liposome drug delivery system
modified with Pep-1 peptide and folate which showed higher cellular uptake and cytotox-
icity in HeLa cells as compared to chimeric-ligand oriented liposomes [194]. Zong et al.
prepared a dual ligand liposome drug delivery system modified with cell-penetrating
peptide (TAT) and transferrin, which effectively delivered drugs to targeted tumor cells,
the results of in vivo experiments also demonstrated that this drug delivery system could
improve the survival time of brain tumor-bearing animals [195].

Abbreviations: HSPC, hydrogenated soybean phosphatidylcholine; CHOL, choles-
terol; MBPE, maleimidobenzoylphosphatidylethanolamine; DSPE-PEG2000, N-(carbonyl-
methoxypolyethylene glycol 2000)-1, 2-distearoyl-sn-glycero-3- phosphoethanolamine
sodium salt; DRUG, doxorubicin; DXRL-PEG, DXR-loaded PEGylated liposomes; RGD-
DXRL-PEG, cRGD-modified DXRL-PEG.

3.2. Stimulus-Responding Liposomes

Internal physiological conditions and external stimuli were used to promote the release
of drug delivery systems in specific locations and environments to alter pharmacokinetic
characteristics [196,197]. Depending on the stimulus, scientists developed various lipo-
some drug carrying systems such as temperature-responsive liposomes, pH-responsive
liposomes, ultrasound responsive liposomes, magnetic-field responsive liposomes, redox-
responsive liposomes, light-responsive liposomes, and enzyme-responsive liposomes.
Needham et al. prepared a kind of temperature sensitive liposome using dipalmitoylphos-
phatidylcholine (DPPC), monopalmitoylphosphatidylcholine (MSPC), and distearoylphos-
phatidylethanolamine (DSPE)-PEG2000. The liposome is relatively stable at 37 ◦C. When
the temperature reaches 41.5 ◦C, 31% of the drug can be released within one to two seconds
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which was much higher than the unmodified liposome group [165]. Zhao et al. prepared a
pH-responsive liposome drug delivery system using tumor-specific pH-responsive peptide
H7K(R2)2 as a ligand. In vitro experiments proved that the drug delivery system effec-
tively released drugs under acidic conditions, and in vivo experiments showed that the
system had a good anti-tumor ability in C6 tumor-bearing mice [166]. Clares et al. used
a reproducible thin film hiatus technique to prepare magnetic liposomes coated with 5-
fluorouracil. Magnetic field caused the release of the drug and a good inhibition effect was
observed in human colon cancer cells [167]. Sine et al. prepared a light-responsive liposome
encapsulated with 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-A and calcein, laser
irradiation (660 nm, 90 mW) can promote drug release which showed enhanced antitumor
efficacy (Figure 4) [198]. Chi et al. prepared redox-responsive liposomes using hyaluronic
acid as a compound. The drug can be effectively released when the liposome is exposed to
reduced conditions. All animals treated with liposomal formulations survived in contrast
to those animals treated with free-DOX, indicating the liposomal formulation have an
effective tumor suppressive effect [168]. Song et al. synthesized enzymatic-responsive
liposomes using the enzymatically cleavable peptide linkers GFLG (Gly-Phe-Leu-Gly) as
the ligand system. After GFLG was degraded by endo-lysosomal enzyme, the encapsulated
pDNA was released and the transfection efficiency was 100 times higher than that of the
control group without GFPG modification [169].
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Abbreviations: DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DC8,9PC, 1,2
bis(tricosa-10,12-diynoyl)-sn-glycero-3-phosphocholine; DSPE-PEG2000, 1,2-distearoyl -sn-
Glycero-3-Phosphoethanolamine-N-[Methoxy(Polyethylene glycol)-2000].

4. Gold Nanoparticles

Gold nanoparticles (AuNPs) have good stability and biocompatibility [199]. Quantum
size effect and high surface area-to-volume ratio make AuNPs have high drug loading [200].
Meanwhile, gold nanoparticles are easy to modify and can improve the pharmacokinetics
of many drugs which makes gold nanoparticles widely used in immune analysis, drug de-
livery, and detection of cancer cells and microorganisms [201–203]. For example, Ruan et al.
synthesized the Angiopep-2-PEG modified AuNPs which could specifically deliver and
release DOX in glioma and significantly expand the median survival time of glioma-bearing
mice (Figure 5) [204]. The synthesis methods of gold nanoparticles include chemical synthe-
sis and biological synthesis. The commonly used chemical methods include the turkevich
method, the brust method, and digestive ripening method [205–207]. The chemosynthesis
method has some limitations including low yield, difficulty in controlling particle shape,
strict preparation conditions, and poor biocompatibility [208–211]. Therefore, more and
more scientists are using friendly biosynthesis methods to synthesize gold nanoparticles.

Bacteria are important biological sources for the synthesis of AuNPs. The extracellular
enzymes work as a reducing agent in the reduction of metals during the synthesis of
microbial NPs and NADH-dependent reductase can carry out electron transfer from
NADH, leading to reduction of metal ions [212,213]. Parastoo et al. prepared the gold
nanoparticles with spherical, hexagonal, and octagonal shapes by reducing HAuCl4 in
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supernatant microbial of bacillus cereus culture [214]. Sharma et al. screened a marine
bacterium from different sea cost in India to produce gold nanoparticles. The prepared
gold nanoparticles were mostly spherical with a particle size of 10 nm [215]. Fungi also
can be used to synthesize gold nanoparticles. Sanghi et al. synthesized intracellular gold
nanoparticles with Phanerochaete chrysosporium and demonstrated that ligninase played
an important role [216]. Molnár et al. synthesized gold nanoparticles of different sizes
(between 6 nm and 40 nm) under controlled experimental conditions [217].
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As a cheap biological material, plants were used to synthesize gold nanoparticles
in recent years. Different plant species, different parts of the same plant species such
as leaves, roots, stems, and fruits can be used as raw materials for the synthesis of gold
nanoparticles [218]. Gopinath et al. synthesized spherical gold nanoparticles with particle
size of 20 nm to 50 nm by aqueous leaf extract of terminalia arjuna [219]. Yu et al. used
Citrus Maxima (C. Maxima) fruit extract to synthesize gold nanoparticles with an average
particle size of 25.7 nm [220]. In addition, some studies have shown that gold nanoparticles
can be synthesized from seaweed [221,222]. Table 7 shows the various biomaterials that
can be used to synthesize gold nanoparticles.

Table 7. Characteristics of gold nanoparticles synthesized from different raw materials.

Name of Organism Size (nm) Shape References

Bacteria

Bacillus cereus 20–50 Spherical, hexagonal,
octagonal [214]

Brevibacterium casei 10–50 Spherical [223]

Vibrio alginolyticus 50–100 Irregular [224]

Paracoccus haeundaensis BC74171(T) 20.93 ± 3.46 Spherical [225]

Fungi

Macrophomina phaseolina 14–16 Spherical [226]

Morchella esculenta 16.51 Spherical and hexagonal [227]

endophytic Cladosporium species 5–10 Spherical [228]

Ttichoderma sp. WL-Go 1–24 Spherical and
pseudo-spherical [229]

Plants

Annona muricata 25.5 Spherical [230]

Benincasa hispida 22.18 ± 2 Spherical [231]

Capsicum annuum 19.97 Spherical [232]

Turnera diffusa 24 Spherical [233]
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Table 7. Cont.

Name of Organism Size (nm) Shape References

Algae

Sargassum serratifolium 5.22 slightly spherical, triangles,
pentagons, and narrow square [234]

marine red algaAcanthophora spiciferaby <20 Spherical [235]

marine brown algae S. ilicifolium 20–25 Near-spherical [236]

Chlorella sorokiniana Shihira & R.W 5–15 Spherical [237]

The size and shape of gold nanoparticles can be tuned by controlling the synthesize
conditions such as temperature, type of surfactant, and concentration of metal matrix in
both chemical and biosynthetic methods [238]. The size and shape of gold nanoparticles
strongly influence their toxicity, drug loading, and penetration properties, and then affect
their biomedical applications. A study showed that 5 nm AuNPs in a concentration of
more than 50 µM were associated with cytotoxic effects, while 15 nm AuNPs presented
good biocompatibility [239]. Karol et al. studied the relationship between toxicity and
shape of gold nanoparticles (rods, stars, and spheres). The results showed that star shape
gold nanoparticles has the highest anticancer potential but has the slowest cellular uptake
due to their big size, while the sphere shape gold nanoparticles exhibited the most safety,
the fastest cellular uptake and weak anticancer potential [240]. A study about the size
dependence of the antiviral activity of AuNPs demonstrated that small particles (2 nm)
had no inhibitory effect for influenza virus, while medium-sized AuNPs (14 nm) inhibited
the virus binding and infection [241].

5. Mesoporous Silica Nanoparticles

In 1992, the first ordered mesoporous silica (MCM type) was synthesized by the
Mobile Research and Development Corporation [242,243]. Subsequently, many other types
of mesoporous silica nanomaterials (MSNs) such as BSA type, HMM type, KIT type, KCC
type, FSM type, and TUD type were synthesized using a variety of improved methods.
Table 8 shows the specific example of the synthesis of various MSNs. Various distinctive
properties of MSNs including substantial surface area, large pore size, low density, good
adsorption and encapsulation capacity, controllable superficial charge, ease of modification,
and high biocompatibility showed great potential in drug delivery applications [244–249].
The synthesis techniques of MSNs can be classified into sol–gel, as well as hydrothermal
and green method (Table 9) [250].

Table 8. Synthesis of different series of MSNs.

Type Silica Sources Surfactant References

MCM
Sodium silicate,

Tetramethylammonium silicate,
Tetraethyl orthosilicate

Quaternary
ammonium surfactant [242]

BSA Sodium silicate C18TMACl [251]

HMM 1,2-bis(trimethoxysilyl)ethane C18H37N(CH3)3Cl [252]

KIT Tetraethyl orthosilicate,
Carboxyethylsilanetriol sodium salt Pluronic F127 [253]

KCC Tetraethyl orthosilicate Cetylpyridinium bromide [254]

FSM Layered polysilicate kanemite Quaternary ammonium
surfactant [255]

TUD Tetraethyl orthosilicate Tetraethyl ammonium
hydroxide [256]
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Table 9. Three different synthesis methods of MSNs.

Method Silica Sources Surfactant Catalyst References

Sol–gel
Sodium silicate Polyethylene glycol Acetic acid [257]

Tetrethylorthosilicate Cetyltrimethylammonium chloride Triethanolamine [258]

Hydrothermal
Tetrethylorthosilicate Cetyltrimethylammonium bromide Ammonia [259]

Tetrethylorthosilicate Pluronic F-127 Chloride acid [260]

Green
Banana Peel Cetyltrimethylammonium bromide NaOH [261]

Tetraethyl orthosilicate C16-L-histidine, C16-L-poline and
C16-L-tryptophan HCl [262]

Regardless of the synthesis method, studies have shown that selection of surfactant
molecule, silica precursors, solvents, reaction temperature, stir speed, and pH of the
media affect the shape, size, surface area, and pore size of MSNs [263,264], and these
physical properties further affect the drug loading, toxicity, and uptake efficiency of the
carriers [265–267]. Cho et al. found that compared with MSNs with a particle size of 100 nm
or 200 nm, MSNs with a particle size of 50 nm had the fastest clearance rate in urine and
bile [268]. Lu et al. prepared a series of MSNs with particle sizes of 30 nm, 50 nm, 110 nm,
170 nm, and 280 nm, the cellular uptake amount of 50 nm nanoparticles was much higher
than other groups [269]. In addition, studies showed that rod-shaped MSNs internalize
faster and higher on tumor cells than spherical MSNs [270]. Meanwhile, the pores of MSNS
have a large surface area, and for different drugs, the release of drugs can be controlled by
regulating the size of the pores [271]. Mellaerts et al. prepared four SBA-15 MSNs with
pore size varying from 4.5 to 9.0 nm, and they found that the increase of the pore size from
4.5 to 6.4 nm significantly improved the release of itraconazole, while a further increase to
7.9 and 9.0 nm revealed a slight improvement in the release profile [272].

However, two challenges of MSNs may limit its broader application. The open
pores of MSNs are ideal reservoirs for drugs, which adversely trigger a premature release
of drugs before reach the target [266]. A simple way to minimize the leakage is the
attachment of the drugs through a cleavable bond onto the inner surface of the particle [273].
Wong et al. connected doxorubicin (DOX) and zinc(II) phthalocyanine (ZnPc) to form a
DOX-ZnPC complex using an acid cleavable hydrazone linker, and the resulted delivery
system achieved drug release under acidic conditions [274]. Another method involved
loading one drug inside the pores and attaching another drug at the outlet of the pores [273].
Willner et al. loaded the anticancer drug mitoxantrone into boric acid modified MSNs, the
pores were capped with gossypol, then the capping units unlocked the pores and the drug
is released under mild acidic conditions [275]. Another challenge is that unmodified MSNs
lack the active targeting and slow-release ability; therefore, various responsive delivery
systems were prepared through surface modification. Various ligands such as polyethylene
glycol, folic acid, polyethylenimine, hyaluronic acid, phenyl, thiol, and sulfonate have
been reported to modify MSNs [276–280]. After ligand modification, MSNs can realize
the function of drug release under specific environment including pH, redox, enzyme,
temperature, magnetic field, and light stimulation. Liu et al. designed and fabricated a
biocompatible, enzyme-responsive drug delivery system based on MSNs for targeted drug
delivery in vitro and in vivo. The system demonstrated sensitivity to MMP-2 for drug
delivery, leading to cell apoptosis which displayed a good curative effect on the inhibition
of tumor growth with minimal toxic side effects (Figure 6) [281]. Table 10 shows various
stimulus-responsive-MSNs for controlled release.

461



Polymers 2021, 13, 3307

Polymers 2021, 13, x FOR PEER REVIEW 14 of 28 
 

 

responsive delivery systems were prepared through surface modification. Various lig-
ands such as polyethylene glycol, folic acid, polyethylenimine, hyaluronic acid, phenyl, 
thiol, and sulfonate have been reported to modify MSNs [276–280]. After ligand modifi-
cation, MSNs can realize the function of drug release under specific environment includ-
ing pH, redox, enzyme, temperature, magnetic field, and light stimulation. Liu et al. de-
signed and fabricated a biocompatible, enzyme-responsive drug delivery system based 
on MSNs for targeted drug delivery in vitro and in vivo. The system demonstrated sensi-
tivity to MMP-2 for drug delivery, leading to cell apoptosis which displayed a good cura-
tive effect on the inhibition of tumor growth with minimal toxic side effects (Figure 6) 
[281]. Table 10 shows various stimulus-responsive-MSNs for controlled release. 

 
Figure 6. Design consideration of enzyme-responsive MSNs. Abbreviations: DOX, doxorubicin; HAS, human serum albu-
min; PBA, phenylboronic acid; MMP-2, matrix metalloproteinase-2. 

Table 10. Various responsive MSNs are used to deliver cargos. 

Ligands Stimulus Cargo References 
FA-PEG-COOH Redox Doxorubicin and Bcl-2 [282] 

Disulfide bonds modifiedpolyethylene glycol Redox Rhodamine B [283] 

Galactose-modified trimethyl chitosan-cysteine PH 
Doxorubicin and vascular en-
dothelial growth factor siRNA [284] 

Succinylated ε-polylysine PH Prednisolone [285] 
Peptide LVPRGSGGLVPRGSGGLVPRGSK-pentanoic acid 

(P) Enzyme Anticoagulant drug [286] 

Phenylboronic acid-human serum albumin Enzyme Doxorubicin [281] 
Superparamagnetic magnetite nanocrystal clusters Magnetic Field Small interfering RNA [287] 

PEI-Iron oxide Magnetic Field siRNA-PLK1 [288] 
PEO-b-poly (N-isopropylacrylamide) based copolymeric 

micelles 
Temperature Ibuprofen [289] 

Poly(N-isopropylacrylamide)-co-(1-butyl-3-vinyl imidazo-
lium bromide) (p-NIBIm) 

Temperature Cytochrome C [290] 

1-tetradecanol Light Doxorubicin [291] 
Ruthenium complex Light Safranin O [292] 

6. Carbon Nanotubes 
The diameter of CNTs is in the order of nano and the length is in the order of micron, 

giving them a high aspect ratio and large surface area [293–296]. Due to their outstanding 
properties such as good adsorption ability, excellent chemical stability, high tensile 
strength, significant electrical, and thermal conductivity, CNTs have been used in a vari-
ety of biomedical fields, especially drug delivery and cancer treatment [297–299]. There 
are three main ways to manufacture CNTs, including arc discharge, chemical vapor dep-
osition (CVD), and laser ablation [300]. Toxicity is often a concern in clinic applications. 
Several physical and chemical factors including purity of the material, morphology, and 
administration route are crucial for the toxicity of CNTs [301]. It has been reported that 
residual transition metal catalysts such as iron, cobalt or nickel contained in the pristine 
CNTs can catalyze the intracellular formation of free radicals and oxidative stress leading 

Figure 6. Design consideration of enzyme-responsive MSNs. Abbreviations: DOX, doxorubicin; HAS, human serum
albumin; PBA, phenylboronic acid; MMP-2, matrix metalloproteinase-2.

Table 10. Various responsive MSNs are used to deliver cargos.

Ligands Stimulus Cargo References

FA-PEG-COOH Redox Doxorubicin and Bcl-2 [282]

Disulfide bonds modifiedpolyethylene glycol Redox Rhodamine B [283]

Galactose-modified trimethyl chitosan-cysteine PH Doxorubicin and vascular
endothelial growth factor siRNA [284]

Succinylated ε-polylysine PH Prednisolone [285]

Peptide LVPRGSGGLVPRGSGGLVPRGSK-pentanoic acid (P) Enzyme Anticoagulant drug [286]

Phenylboronic acid-human serum albumin Enzyme Doxorubicin [281]

Superparamagnetic magnetite nanocrystal clusters Magnetic Field Small interfering RNA [287]

PEI-Iron oxide Magnetic Field siRNA-PLK1 [288]

PEO-b-poly (N-isopropylacrylamide) based copolymeric
micelles Temperature Ibuprofen [289]

Poly(N-isopropylacrylamide)-co-(1-butyl-3-vinyl
imidazolium bromide) (p-NIBIm) Temperature Cytochrome C [290]

1-tetradecanol Light Doxorubicin [291]

Ruthenium complex Light Safranin O [292]

6. Carbon Nanotubes

The diameter of CNTs is in the order of nano and the length is in the order of micron,
giving them a high aspect ratio and large surface area [293–296]. Due to their outstand-
ing properties such as good adsorption ability, excellent chemical stability, high tensile
strength, significant electrical, and thermal conductivity, CNTs have been used in a variety
of biomedical fields, especially drug delivery and cancer treatment [297–299]. There are
three main ways to manufacture CNTs, including arc discharge, chemical vapor deposition
(CVD), and laser ablation [300]. Toxicity is often a concern in clinic applications. Several
physical and chemical factors including purity of the material, morphology, and adminis-
tration route are crucial for the toxicity of CNTs [301]. It has been reported that residual
transition metal catalysts such as iron, cobalt or nickel contained in the pristine CNTs can
catalyze the intracellular formation of free radicals and oxidative stress leading to cytotoxic
effects [302]. Therefore, the purification of CNTs by exposing them to high temperatures or
bathing sonication assisted acid oxidation reduced the remains of catalytic metals used in
their synthesis, increasing their biocompatibility and decreasing the toxicity levels [303]. In
addition, the modification of CNTs is also an effective method to reduce their toxicity [304].

CNTs tend to agglomerate uncontrollably due to Van der Waals forces among bundles
and high surface energy, which hinders their dispersion in almost all organic and inorganic
solvents [298]. Meanwhile, the morphology and chemical properties of CNTs are the main
factors affecting their entry into target cells [305]. Chemical functionalization can modify
CNTs’ electronic properties, reduce agglomeration, and improve their solubility in different
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solvents [306]. The main approaches for CNTs’ functionalization can be divided into two
main groups including covalent functionalization and non-covalent functionalization. The
covalent functionalization mainly relies on covalent bond to connect carbon nanotubes
to molecules. The non-covalent modification mainly relies on Van der Waals forces and
electrostatic interaction to connect carbon nanotubes to molecules [307]. Antibodies, pep-
tides, hyaluronic acid, oligonucleotides, polyethylene glycol, and other substances are
often used to modify CNTs [308,309]. Mo et al. prepared a pH-responsive drug delivery
system with SWCNTs as the core and CHI and HA as ligands (Figure 7) [310]. Table 11
provides detailed cases of various functionalized CNTs delivered to different cargoes.
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Table 11. Various ligand-modified SWNTs and WWNTs are used to deliver cargos.

Type Ligands Cargo Stimulus References

SWCNTs

Polysaccharide chitosan-hyaluronic acid Doxorubicin pH [310]

Oligonucleotides DNA/RNA - [311]

Chitosan Curcumin pH [312]

Polyethylenimine with betaine Survivin siRNA,
Doxorubicin pH [313]

MWCNTs

Folic acid Doxorubicin Magnetic Field [314]

1-octadecanethiol-f-GNPs Cisplatin - [315]

Chitosan Methotrexate pH [316]

Distearyl phosphatidyl
ethanolamine-PEG - Light [317]

7. Conclusions and Perspectives

Viral vectors are the earliest and most widely used type of vectors. However, toxicity,
immunogenicity, carcinogenicity, high cost, and other issues limit their broader application.
The investigation of non-viral vectors such as f liposomes, polymer, gold nanoparticles,
mesoporous silica nanoparticles, and carbon nanotubes in medical research is growing
rapidly. In this contribution, the application of non-viral vectors in drug delivery and
gene therapy is summarized. Non-viral vectors can prevent the premature degradation
of nucleic acids, proteins or drugs, prolong therapeutic effect, and reduce side effects. In
addition, ligand modifications make the vectors better connect with the cargo or with the
target site of action, increase the loading capacity and uptake rate, as well as improve the
sustained release and targeting properties of the delivery system. Polyethylene glycol, folic
acid, hyaluronic acid, peptides, oligonucleotide sequences, and other ligands have been
reported to modify various materials. Further research will be necessary to introduce new
ligands and develop novel smart delivery systems. Furthermore, biomedical applications
have high requirements for the physicochemical properties of the vectors, thus synthesizing
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and purifying vector materials with suitable particle size, uniform morphology, and good
biocompatibility are essential. Meanwhile, the residual toxic effects of catalysts, solvents,
and other substances in a synthesis process cannot be ignored. Consequently, non-viral
vector materials are constantly improving new synthetic methods especially green synthesis
methods, which is also a key direction of future research.

Although many studies have pointed out that non-viral vectors are biocompatible,
most of the results focus on the short-term toxicity in vivo, and the protocols used in
some toxicity tests are not standardized, posing an important safety concern in clinical
application. Therefore, standardizing the toxicological tests and determining the safe
exposure limits are crucial. Despite these challenges, with the development of novel
materials and new synthetic strategies, non-viral vectors are expected to be widely applied
to enhance the performance of drug delivery and gene therapy in the near future.
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Abstract: In this work, a novel poly (methylenelactide-g-L-lactide), P(MLA-g-LLA) graft copoly-
mer was synthesized from poly(methylenelactide) (PMLA) and L-lactide (LLA) using 0.03 mol%
liquid tin(II) n-butoxide (Sn(OnBu)2) as an initiator by a combination of vinyl addition and ring-
opening polymerization (ROP) at 120 ◦C for 72 h. Proton and carbon-13 nuclear magnetic resonance
spectroscopy (1H- and 13C-NMR) and Fourier-transform infrared spectroscopy (FT-IR) confirmed
the grafted structure of P(MLA-g-LLA). The P(MLA-g-LLA) melting temperatures (Tm) range of
144–164 ◦C, which was lower than that of PLA (170–180 ◦C), while the thermal decomposition tem-
perature (Td) of around 314–335 ◦C was higher than that of PLA (approx. 300 ◦C). These results
indicated that the grafting reaction could widen the melt processing range of PLA and in doing so
increase PLA’s thermal stability during melt processing. The graft copolymers were obtained with
weight-average molecular weights (Mw) = 4200–11,000 g mol−1 and a narrow dispersity (Ð = 1.1–1.4).

Keywords: vinyl addition polymerization; ring-opening polymerization (ROP); bromolactide;
methylenelactide; poly(methylenelactide); poly(methylenelactide-g-L-lactide); thermal stability

1. Introduction

Poly(lactic acid) or polylactide (PLA), an aliphatic polyester derived from renewable
starch-containing resources such as corn; sugar beet; and cassava, is one of the most signifi-
cant biodegradable polymers extensively used as a petroleum-based materials replacement
due to its biodegradability and environmentally-friendly properties [1–11]. However, it has
been commonly known that PLA shows brittleness with poor melt strength and thermal
stability which limit its processability and performance in desired applications [12–20]. For
instance, PLA has been reported to show a rather low heat deflection temperature (HDT)
of approximately 55 ◦C because of the low degree of crystallinity of PLA materials result-
ing from the low crystallization rate while processing [21–25]. Since these drawbacks in
toughness and heat resistance confine specific applications of PLA, thereby, many attempts
for improving PLA inferior properties via various modification methods have been investi-
gated over the past decades [26,27]. The strategies include annealing, nucleating agents,
plasticization, chain extending, copolymerization, blending, polymer (nano)composites,
stereocomplexes, crosslinking, and functionalization [27–33].
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For the modification of PLA by copolymerization, most studies have been paying
attention to the copolymerizing of the lactide with either lactide/lactone monomers or
other monomers with functional groups such as amino and carboxylic groups, etc [34–36].
The copolymers such as poly(lactide-co-glycolide) (PLGA), poly(lactide-co-ε-caprolactone)
(PLCL), poly(lactic acid)-poly(ethylene oxide) (PLA-PEO) and poly(lactic acid-glutamic
acid) (PLGM) are generally synthesized via ring-opening polymerization (ROP) of cyclic
ester monomers [37–39]. These copolymers could synergistically combine the advantages
of both components showing greater properties, thus, overcome the limitations of the
individual ones. Similar to the homopolymerization process, the copolymerization consists
of three stages: (1) initiation, (2) propagation, and (3) termination [40]. The copolymer
molecules contain two different repeating units in which different monomers can be
arranged in various types such as random, alternating, block and graft copolymers [41].
As such, a graft copolymer is one of the most widely used methods for a modification of
PLA to achieve improved properties such as processability and physicochemical properties
since it can produce a large variety of polymers with different properties for widely
used in many applications [42–45]. For the synthesis of a well-defined graft copolymer,
there are substantial difficulties in achieving precise control over its specific end groups,
microstructure, and composition [46]. Therefore, the experimental conditions must be
optimized in order to obtain the suitable polymerization process for the designed system.

O-heterocyclic monomers such as lactide (LA) and methylenelactide (MLA) func-
tionalities are of interest to be used as functional materials due to their potential to be
selectively polymerized via either vinyl-addition or ring-opening pathways [47–49]. Since
PLA does not bear any functional groups, many efforts for synthesizing new alkyl modified
lactides have been made aiming to modulate the physicochemical properties such as glass
transition temperature (Tg), toughness, thermal stability, and processability [34,50–53].
However, certain endeavors for chemical modifications of lactide are scarce because of fast
ester bonds hydrolysis [54–56].

In contrast to lactide, methylenelactide (MLA, 3-methylene-6-methyl-1,4-dioxane-
2,5-dione) represents a free radical polymerizable derivative of lactide. In 1969, the
synthesis of a methylene-functional lactide from the monobromination of lactide using
N-bromosuccinimide (NBS) followed by base-catalysed dehydrobromination (HBr elimina-
tion) was studied for the first time by Scheibelhoffer et al. [57]. Moreover, from the work
of Miyake and coworkers [48], it was found that MLA could be polymerized by a radical
vinyl-addition. ROP pathways, however, resulted in monomer decomposition to produce
nonpolymerizable derivatives instead. Nonetheless, Jiang and Hillmyer [54] showed that
further derivatization of MLA could provide functional monomers for ROP using MLA as
a dienophile in a Diels–Alder reaction with cyclopentadiene. The resultant tricyclic product
could be polymerized by either ROP of the lactide ring or via ring-opening metathesis
polymerization (ROMP). Afterwards, Hillmyer and coworkers continued exploring other
dienes to gather more data on functional lactide monomers, and further polymerization
provided new polyesters with diverse thermal properties [55].

Recently, Britner and Ritter [58,59] reinvestigated Scheibelhoffer’s first study of a
radical polymerizable lactide derivative with respect to polymerization and polymer anal-
ogous aminolysis under mild conditions. In this work, the optically active MLA was
polymerized by free radical polymerization in solution using AIBN as an initiator and
resulted in isotactic-biased atactic optically active poly(methylenelactide) (PMLA) with
molecular weights ranging between 4 × 104–1 × 105 g mol−1 with dispersity, Ð~2.5 and a
Tg of 244 ◦C. Britner and Ritter also performed a further study on free-radical polymeriza-
tion, copolymerization, and controlled radical polymerization of the cyclic monomer MLA
in comparison to the non-cyclic monomer α-acetoxyacrylate (AA). The results showed
that MLA undergoes a self-initiated polymerization. Moreover, in this study, reversible
addition fragmentation chain transfer (RAFT)-controlled homopolymerization of MLA
and copolymerization with N,N-dimethylacrylamide (DMAA) was performed at 70 ◦C in
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1,4-dioxane using AIBN and 2-(((ethylthio)carbonothioyl)thio)-2-methylpropanoic acid as
an initiator and a transfer agent respectively.

Derivatization of MLA via the Diels–Alder cycloaddition with dienes leads to bifunc-
tional monomers that can be polymerized into various functionalized PLA materials. The
need for functionalized PLA materials with enhanced physical and mechanical proper-
ties has led to an effective strategy to derivatize PLA, which is synthesized through a
bromination of L-lactide (LLA) with N-bromosuccinimide using benzoyl peroxide as an
initiator and followed by a basic HBr elimination with Et3N in dichloromethane to produce
a monomer MLA. After that, MLA was used as a substrate of PMLA synthesis which was
then synthesized through a vinyl-addition polymerization with AIBN initiator via the free
radical polymerization. According to previous works, PMLA has poor solubility, sluggish
dissolution, and that it is challenging to handle the polymer as a melt for polymerization.
As previously mentioned, Britner et al. [58,59] have found a way to overcome this challenge
by PMLA functionalization. In the underlying study, Britner and Ritter focused on spatial
effects with respect to interactions between neighboring lactide rings. Moreover, it was
found that the PMLA attached lactide rings react like activated esters and thus readily
undergo quantitative amidation reactions with aliphatic primary amines under mild condi-
tions. However, up to present, no information on the copolymerization of MLA and LLA
via the ROP has been reported [54–56,58–62].

Accordingly, the main objective of this study was to synthesize poly(methylenelactide-
g-L-lactide), P(MLA-g-LLA), graft copolymers from L-lactide (LLA) and PMLA via ROP in
solution using a novel soluble liquid tin(II) n-butoxide (Sn(OnBu)2) as an initiator [63–68].
These materials have not been previously reported in the literature. The synthesis reaction
of a P(MLA-g-LLA) via ROP and its chemical structure are shown in Scheme 1. The
intended application of these graft copolymers is as potentially reactive, network-bound
(by transesterification) additives to improve the melt processability and thermal properties
of commercial PLA.

Scheme 1. The synthesis of poly(methylenelactide-g-L-lactide), P(MLA-g-LLA), via ROP.

2. Materials and Methods
2.1. Materials

L-lactide (LLA) and liquid tin(II) n-butoxide (Sn(OnBu)2) were purchased from the
Bioplastics Production Laboratory for Medical Applications (ISO 13485:2016 TÜV SÜD
America Accredited Laboratory, Chiang Mai University, Chiang Mai, Thailand) and used
as received [64]. Benzoyl peroxide (75%), triethylamine (≥99%), calcium hydride (90–95%),
and azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich (Saint Louis, MO,
USA). N-bromosuccinimide (99%) was purchased from Acros (Geel, Belgium). Mag-
nesium sulfate anhydrous (96%) was purchased from PanReac AppliChem (Barcelona,
Spain). Sodium bisulfite (58.5–67.4%) was purchased from HiMedia (Mumbai, India).
1,2-Dichlorobenzene (≥98%) was purchased from Carlo Erba (Milano, Italy). Chloroform-
d1 (99.8% CDCl3) and dimethyl sulfoxide-d6 (99.9% DMSO) were purchased from CIL
(Kolkata, India). Chloroform (99.8%) and hydrochloric acid (37%) were purchased from
RCI Labscan (Bangkok, Thailand). Methanol, dichloromethane, ethyl acetate, and n-hexane
(RCI Labscan) were purified by distillation prior to use.

2.2. Methods

In this study, bromolactide (Br-LA) and methylenelactide (MLA) were synthesized ac-
cording to literature procedures reported by Britner and Ritter [58] with minor modifications.
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2.2.1. Synthesis of Bromolactide (Br-LA)

L-lactide (120.0 g, 832.6 mmol), N-bromosuccinimide (164.0 g, 921.4 mmol), and
dichloromethane (600 mL) were added into a 1 L three-neck round-bottom flask equipped
with a magnetic stirring bar, septum stoppers, and a reflux condenser. The reaction mixture
was refluxed at 80 ◦C with continuous stirring, benzoyl peroxide (4.020 g, 16.60 mmol)
in a 60 mL dichloromethane was then gradually added to the mixture solution. The
mixture continued to be heated under reflux at 80 ◦C for 72 h and allowed to cool to room
temperature. The precipitate was filtered off through the filter paper several times until a
clear filtrate was obtained. The filtrate was then vacuum dried using a rotary evaporator
(Heidolph, Hei-VAP Core, Schwabach, Germany) to yield a yellow solid residue. The
yellow solid was dissolved in a 450 mL dichloromethane before pouring into a separatory
funnel and washing with 0.2 M sodium bisulfite three times (3 × 1000 mL) and once
(900 mL) with saturated sodium chloride. Subsequently, the organic layer was dried
over MgSO4 and evaporated under reduced pressure to obtain a pale yellow needle-like
crystal. The Br-LA product was then purified by recrystallization from the mixture of
dichloromethane and n-hexane (1:1), filtered off, and vacuum dried at room temperature.

2.2.2. Synthesis of Methylenelactide (MLA)

For the preparation of methylenelactide (MLA), 10.00 g (44.84 mmol) of the synthe-
sized Br-LA product from Section 2.2.1 and 20 mL of dichloromethane were added into
a 250 mL three-neck round-bottom flask. The solution was stirred under an inert (N2)
atmosphere and cooled to 0 ◦C using an ice bath. Triethylamine (2.0 mL, 14.33 mmol) was
then added dropwise to a solution and the mixture was kept stirring at 0 ◦C for 2 h and at
room temperature for 1 h. The reaction mixture was washed with 150 mL of 1 M HCl (three
times) and saturated sodium chloride (once) successively, dried over MgSO4, evaporated,
and dried under vacuum to obtain the MLA product as a yellowish-brown solid.

2.2.3. Synthesis of Poly(methylenelactide) (PMLA)

In this work, the preparation of poly(methylenelactide) (PMLA) was followed the method
as described by Miyake et al. [48]. Firstly, a 100 mL round-bottom flask equipped with a
magnetic stirring, methylenelactide (4.000 g, 28.15 mmol) and 50 mL of 1,2-dichlorobenzene
(o-DCB) was added and the reaction mixture was purged with N2 for 30 min. Then, various
required amounts of AIBN (5, 10, 15, 20, and 25 mol%) was added and the flask was
sealed with a rubber septum. The reaction flask was then immersed in a silicone oil bath at
75 ◦C for 1 h. The reaction solution was quench cooled and then poured into 800 mL of
methanol to obtain the polymer precipitate. The PMLA polymer was isolated by filtration,
washed extensively with methanol and dried to constant weight in a vacuum oven at 50 ◦C
overnight to constant weight.

2.2.4. Synthesis of Poly(methylenelactide-g-L-lactide) (P(MLA-g-LLA)) via
Solution Polymerization

Poly(methylenelactide-g-L-lactide) (P(MLA-g-LLA) with the composition ratio of
PMLA to LLA = 1:30 and 1:50 w/w and the composition ratio of 1:300, 1:600 w/w for
PMLA (20 mol% AIBN) was synthesized via ring-opening polymerization (ROP). Firstly,
PMLA and LLA with 0.03 mol% liquid tin(II) n-butoxide (Sn(OnBu)2) initiator, 2.0 mL of
1,2-dichlorobenzene (o-DCB), and a magnetic stirring bar were loaded into a round-bottom
flask. The solution polymerization of P(MLA-g-LLA) was carried out at 120 ◦C for 72 h,
after which, the graft copolymers were purified by methanol. The graft polymer was again
isolated by filtration, washed with more methanol, and dried in a vacuum oven at 50 ◦C
overnight to constant weight.

2.2.5. Synthesis of Poly(L-lactide) (PLA) via Solution Polymerization

L-lactide (10.00 g) with 0.03 mol% of liquid Sn(OnBu)2 initiator, 5.0 mL of 1,2-
dichlorobenzene (o-DCB), and a magnetic stirring bar were loaded into a round-bottom
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flask. Solution polymerization of PLA was carried out at 120 ◦C for 72 h under vacuum.
The crude PLA product was purified by precipitation in methanol, in filtration, washing
with more methanol, and drying in a vacuum oven at 50 ◦C overnight to constant weight.

2.3. Instrumental Methods

IR spectra were recorded using an attenuated total reflectance (ATR-FTIR model
NicoletTM iS5 (Thermo ScientificTM, Waltham, MA, USA) spectrometer and the wavenum-
bers of maximum absorption peaks are reported in cm−1. 1H-NMR (400 MHz) and 13C-
NMR (100 MHz) were recorded on a Bruker DRX-400 spectrometer (Billerica, MA, USA).
Where necessary, 2D NMR experiments (HMBC and HBQC) were carried out to assist
the structure elucidation and signal assignments. Chemical shifts (δ) were reported in
ppm down-field from TMS as an internal reference or with the solvent resonance as the
internal standard (CHCl3 impurity in CHCl3-d1, δ 7.26 and 77.0 ppm; DMSO impurity
in DMSO-d6, 2.50 and 39.52 ppm); data are reported in the following order: chemical
shift, multiplicity and coupling constants (J) are given in hertz. Splitting patterns are
indicated as s, singlet; d, doublet; t, triplet; m, multiplet; q, quartet for 1H-NMR data.
Broad peaks are denoted by br before the chemical shift multiplicity. Gel permeation
chromatograph (GPC) analyses were carried out on Waters 2414 refractive index (RI) de-
tector, equipped with Styragel HR5E 7.8 × 300 mm column (molecular weight resolving
range = 2000–4,000,000). The GPC columns were eluted using tetrahydrofuran (THF) with
a flow rate of 1.0 mL min−1 at 40 ◦C with an injection volume of 100 µL, a 30 min run time,
and a toluene flow marker. Number-average molecular weights (Mn) and dispersity (Ð) of
the polymers were determined based on calibration with polystyrene (PS) standards using
Empower 3 Software. DSC measurements were performed on a Mettler-Toledo DSC-1
Differential Scanning Calorimeter (Columbus, OH, USA) under a flowing nitrogen (N2)
atmosphere (20 mL min−1). Prior to measurement, the instrument was calibrated using
high purity (>99.999%) indium and tin standards and the data obtained were analyzed
by using STARe Software v12.10. For each experiment, 3–5 mg of the polymer sample
was weighed into a 50 mL aluminium pan and hermetically sealed. Measurements were
performed at a heating rate of 10 ◦C min−1 over the temperature range of 0 to 280 ◦C for
two heating cycles. In the first scan, the polymer was heated from 0 to 280 ◦C at a heating
rate of 10 ◦C min−1, hold at 280 ◦C for 3 min, then cooled to 0 ◦C at 10 ◦C min−1, hold at
this temperature for another 3 min, and reheated to 280 ◦C at a ramp of 10 ◦C min−1. All
of the transition temperature (i.e., Tg, Tc, and Tm) values were obtained from the second
scan after eliminating thermal history in the first scan. Degradation temperature (Td)
values of the polymers were measured by thermal gravimetric analysis (TGA) method on a
Perkin-Elmer TGA7 Thermogravimetric Analyzer (Pyris 1 Software). The TGA temperature
and weight calibrations were performed using magnetic transition temperature standards:
alumel, nickel, and perkalloy (Tonset = 154.20, 355.30, and 596.00 ◦C) with high purity of
99.999% and a stainless steel standard weight (100 mg) respectively. For all measurements,
the temperature range of 50 to 550 ◦C was scanned at a heating rate of 20 ◦C/min under
dry N2 purge gas.

3. Results and Discussion
3.1. Synthesis of Bromolactide (Br-LA)

The purified Br-LA product of >99.5% purity (DSC) was obtained as a white, needle-
like crystals in a percentage yield of ~60%. DSC results showed a narrow melting peak
(Tm) range of 104–112 ◦C. 1H-NMR (400 MHz, CDCl3, δ): 7.26 (q, J = 5.50 Hz, 1H; CH),
(s, J = 2.33 Hz, 3H; CH3), (d, J = 1.73 Hz, 3H; CH3); 13C-NMR (100 MHz, CDCl3, δ): 164.95
(C=O), 162.13 (C=O), 81.52 (quaternary carbon C), 73.87 (CH), 29.82 (CH3), 16.60 (CH3).

3.2. Synthesis of Methylenelactide (MLA)

The synthesized MLA product was obtained as a pale yellow solid (60% yield). How-
ever, a rather broad melting temperature range of 77–132 ◦C was observed indicating
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the purity of < 95%. 1H-NMR (400 MHz, CDCl3, δ): 7.26 (d, J = 5.95 Hz, 2H; CH2),
(d, J = 5.55 Hz, 2H; CH2), (q, J = 5.04 Hz, 1H; CH), (m, J = 1.71 Hz, 3H; CH3); 13C-NMR
(100 MHz, CDCl3, δ): 190.99 (C=O), 175.25 (C=O), 159.83 (quaternary carbon C), 110.68
(CH2), 69.86 (CH), 16.71 (CH3).

3.3. Synthesis of Poly(methylenelactide) (PMLA)

The synthetic pathway of PMLA is as shown in Scheme 2. From Scheme 2, it can
be seen that, in the first step, Br-LA was synthesized via the bromination of LLA with
N-bromosuccinimide using benzoyl peroxide as an initiator. The effect of the bromination
reaction was the production of strong acids of hydrobromic acid (HBr) which was removed
by using an excess of 0.2 M sodium bisulfite solution. Then, the MLA was synthesized via
the elimination of Br-LA with triethylamine in dichloromethane. After that, the MLA was
used as an initial substance in the synthesis of PMLA. It was found that PMLA was obtained
as a white solid with a % yield of 60–65%. 1H-NMR (400 MHz, DMSO-d6, δ):2.50 (broad q,
J = 5.45–5.46 Hz, 1H; CH), (broad s, J = 3.35–3.37 Hz, 2H; CH2), (broad d, J = 1.41–1.43 Hz,
3H; CH3); 13C-NMR (100 MHz, DMSO-d6, δ): 166.50 (C=O), 163.74 (C=O), 80.76 (CH), 72.77
(main-chain quaternary carbon C), 45.08 (CH2), 18.63 (CH3), which 1H- and 13C-NMR
spectral data are identical to those previously published [48]; FT-IR (cm−1): 2449 and 1447
(w), 1747 (s), 1258 (s).

Scheme 2. Synthetic pathway of poly(methylenelactide) (PMLA).

3.4. Synthesis of Poly(methylenelactide-g-L-lactide) (P(MLA-g-LLA))

Scheme 3 shows the synthetic pathway of P(MLA-g-LLA). The physical appearances
of the purified P(MLA-g-LLA) products from solution polymerization with the composition
ratios of PMLA:LLA of 1:30 and 1:50 w/w were as white solids in ~90% yield. The
copolymers were characterized in terms of their chemical structure by 1H-NMR. 1H-NMR
(400 MHz, CDCl3, δ): 7.26 (q, J = 5.15 Hz, 1H; CH), (q, J = 4.34 Hz, 1H; CH), (broad
m, J = 2.75–4.25 Hz, 2H; CH2), (m, J = 1.57 Hz, 3H; CH3); 13C-NMR (100 MHz, CDCl3,
δ): 174.94 (C=O), 173.36 (C=O), 169.41 (C=O), 69.01 (CH), 68.77 (CH2), 68.18 (main-chain
quaternary carbon C), 66.71 (CH), 20.30 (CH3), 16.45 (CH3); FT-IR (cm−1): 2997 and 1455 (w),
1755 (s), 1087 (s).

Scheme 3. Synthesis of poly(methylenelactide-g-L-lactide) (P(MLA-g-LLA)).
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3.5. Synthesis of Poly(L-Lactide) (PLA)

PLA was obtained as a white solid with a % yield of ~90%. 1H-NMR (CDCl3, 400 MHz):
δ = 7.26 (q, J = 5.16 Hz, 1H; CH), (d, J = 1.58 Hz, 3H; CH3) ppm; 13C-NMR (CDCl3, 100 MHz
δ): 169.73 (C=O), 69.14 (CH), 16.78 (CH3) ppm; FT-IR (cm−1): 2997 and 1455 (w; ν (C–H)),
1754 (s; ν (C=O)), 1085 (s; ν (C–O)).

3.6. Characterization of PMLA, PLA, and P(MLA-g-LLA)

The chemical structure of PMLA, PLA, and P(MLA-g-LLA) were characterized by FT-
IR and NMR. The FT-IR and NMR (1H, 13C) spectra of homopolymers and graft copolymers
are as shown in Figures 1–5. Some selected data for characterization of PMLA, PLA and
P(MLA-g-LLA) are shown in Table 1.

Figure 1. FT-IR spectra of poly(methylenelactide) with different amounts of AIBN (5, 10, 15, 20, and
25 mol%): (a) PMLA5; (b) PMLA10; (c) PMLA15; (d) PMLA20; and (e) PMLA25.

Figure 2. 1H-NMR (400 MHz, DMSO-d6) spectra of poly(methylenelactide) with different amounts
of AIBN (5, 10, 15, 20, 25 mol%): (a) PMLA5; (b) PMLA10; (c) PMLA15; (d) PMLA20; and (e) PMLA25.
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Figure 3. FT-IR spectra of homopolymers and graft copolymers with composition ratios of
PMLA:LLA = 1:30, 1:50, 1:300, and 1:600 w/w: (a) PLA; (b) PMLA; (c) P(MLA20-g-LLA)1:30;
(d) P(MLA20-g-LLA)1:50; (e) P(MLA20-g-LLA)1:300; and (f) P(MLA20-g-LLA)1:600.

Figure 4. 1H-NMR spectra of homopolymers and graft copolymers: (a) PLA (400 MHz, CHCl3-d1);
(b) PMLA (400 MHz, DMSO-d6); and (c) P(MLA-g-LLA) (400 MHz, CHCl3-d1).

Table 1. Selected characterization data of PMLA, PLA, and P(MLA-g-LLA).

Sample Initiator Composition Ratio
PMLA:LLA (w/w)

Tg
(◦C) a

Tc
(◦C) a

Tm
(◦C) a

Td
(◦C) b

Mw
(g/mol) c

Mn
(g/mol) c

Dispersity
(Ð)

Mw/Mn
c

PMLA-5 AIBN - 244.0 - - 368.0 - - -

PMLA-10 AIBN - 225.7 - - 360.1 - - -

PMLA-15 AIBN - 223.7 - - 361.1 - - -

PMLA-20 AIBN - 221.4 - - 356.9 - - -
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Table 1. Cont.

Sample Initiator Composition Ratio
PMLA:LLA (w/w)

Tg
(◦C) a

Tc
(◦C) a

Tm
(◦C) a

Td
(◦C) b

Mw
(g/mol) c

Mn
(g/mol) c

Dispersity
(Ð)

Mw/Mn
c

PMLA-25 AIBN - 220.3 - - 356.4 - - -

PLA Sn(OnBu)2 - 71.5 110.8 168.3 301.1 1.68 × 104 1.11 × 104 1.5

P(MLA5-g-LLA) Sn(OnBu)2 1:30 70.1 - 159.8 318.5 9.04 × 104 6.78 × 103 1.3

P(MLA5-g-LLA) Sn(OnBu)2 1:50 73.3 - 164.2 328.8 1.14 × 104 8.24 × 103 1.4

P(MLA10-g-LLA) Sn(OnBu)2 1:30 70.6 - 155.5 318.5 7.08 × 103 5.66 × 103 1.2

P(MLA10-g-LLA) Sn(OnBu)2 1:50 74.8 - 159.7 325.3 8.74 × 103 6.63 × 103 1.3

P(MLA15-g-LLA) Sn(OnBu)2 1:30 73.4 - 155.8 321.4 6.11 × 103 5.15 × 103 1.2

P(MLA15-g-LLA) Sn(OnBu)2 1:50 66.8 - 160.3 326.8 8.21 × 103 6.34 × 103 1.3

P(MLA20-g-LLA) Sn(OnBu)2 1:30 72.3 - 144.0 314.4 4.30 × 103 3.76 × 103 1.1

P(MLA20-g-LLA) Sn(OnBu)2 1:50 73.0 - 161.0 324.1 8.45 × 103 6.48 × 103 1.3

P(MLA25-g-LLA) Sn(OnBu)2 1:30 73.6 - 163.3 328.1 4.87 × 103 4.08 × 103 1.2

P(MLA25-g-LLA) Sn(OnBu)2 1:50 73.5 - 163.8 386.7 4.59 × 103 3.81 × 103 1.2

P(MLA20-g-LLA) Sn(OnBu)2 1:300 68.8 - 164.3 335.4 1.01 × 104 7.86 × 103 1.4

P(MLA20-g-LLA) Sn(OnBu)2 1:600 68.4 - 162.8 328.9 1.10 × 104 7.88 × 103 1.3
a Determined by differential scanning calorimetry (DSC), Tg; Tc; and Tm values obtained from the 2nd scan; b Determined by thermal
gravimetric analysis (TGA), Td observed from peak maximum of the thermal decomposition, temperature; and c Weight-average molecular
weight (Mw), number-average molecular weight (Mn), and dispersity (Ð) determined by gel permeation chromatography (GPC) using a
2414 RI detector and PS standard (Empower 3 Software).

Figure 5. 13C-NMR spectra of homopolymers and graft copolymers: (a) PLA (100 MHz, CHCl3-d1);
(b) PMLA (100 MHz, DMSO-d6); and (c) P(MLA-g-LLA) (100 MHz, CHCl3-d1).

FT-IR spectra of PMLA with different amounts of AIBN (5, 10, 15, 20, and 25 mol%)
are shown in Figure 1. The spectrum of PMLA shows vibrational peaks of C=O and C–O
stretching at around 1747 and 1110 cm−1, while the stretching and bending vibrations of
C–H are seen at around 2949–2950 and 1447 cm−1. The PLA shows vibrational bands due
to C–O stretching around 1085 cm−1, C=O stretching at 1754 cm−1 and C–H bending and
stretching at 1455 and 2997 cm−1, respectively. Figure 3 shows the FT-IR spectra of PMLA,
PLA and P(MLA20-g-LLA) with various PMLA:LLA composition ratios respectively. In
comparison, the P(MLA-g-LLA) spectrum shows the characteristic peaks of C–O stretching
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around 1087 cm−1, C=O stretching around 1754 cm−1 and C–H bending and stretching at
1455 and 2997 cm−1, similar to the data reported for PLA [4].

The MLA conversion with different amounts of AIBN (5, 10, 15, 20, 25 mol%) was
determined via 1H-NMR spectroscopy (Figure 2). The intensity of the NMR peak of PMLA
increased according to the amount of AIBN. The comparison 1H-NMR spectra of PLA,
PMLA and P(MLA-g-LLA) are shown in Figure 4. As expected, the methane proton (-CH)
at 5.45–5.46 ppm of PMLA and 5.15–5.16 ppm of P(MLA-g-LLA) and PLA, methyl proton
(-CH3) at 1.41–1.43 ppm of PMLA, and 1.57–1.58 ppm of P(MLA-g-LLA) and PLA structure
were observed accordingly. In Figure 4, 1H-NMR peak of P(MLA-g-LL) around 3.0–4.3 ppm
are very similar to the methyl proton of PMLA. From 1H-NMR spectrum combined with
13C-NMR spectrum (Figures 4 and 5), the results confirmed the grafted structure of P(MLA-
g-LLA). The black and blue units show PLA part on P(MLA-g-LLA) structure whereas the
violet unit shows PMLA part on the backbone of the graft copolymer structure. 13C-NMR
spectroscopy was further employed to provide a better view on the electron density of
quaternary carbon and methylene carbon atom. From the results obtained (Figure 5), the
quaternary carbon atoms of PMLA at 80.76 ppm and P(MLA-g-LLA) at 68.18 ppm were
observed. This methylene carbon atom shows a relatively upfield in the case of PMLA
at 45.08 ppm compared to the downfield in P(MLA-g-LLA) at 68.77 ppm. The electron-
withdrawing of the ester group and oxygen atom influences preferentially the methylene
carbon atom of P(MLA-g-LLA).

The DSC and TGA data of PMLA, PLA and P(MLA-g-LLA) are summarized in Table 1.
From Figure 6, DSC thermograms of all PMLA obtained from using AIBN at different
concentrations as an initiator show rather high glass transition temperature (Tg) at about
221 to 225 ◦C. Tg of PMLA decreased as the amount of AIBN in PMLA increased from 5 to
25 mol%. No melting temperature (Tm) was observed due to the amorphous structure of
the PMLA which is in good agreement with the previously published work [48]. However,
when it comes to the P(MLA-g-LLA) graft copolymers, the melting temperature of about
144–164 ◦C was detected. Figure 7 shows the heating-cooling-heating cycles of the DSC
measurement of the P(MLA20-g-LLA) with a ratio of 1:30 w/w. For this P(MLA-g-LLA)1:30,
in comparison to other P(MLA-g-LLA)s with different composition ratios, the lowest
melting temperature of approximately 144 ◦C was observed. Also, it can be seen that for all
cases, excluding P(MLA-g-LLA)1:600, Tm of the graft copolymer increased as the amount of
LLA increased (Figure 6 and Table 1).

Figure 6. DSC thermograms (2nd scan) of PLA and P(MLA20-g-LLA) with composition ratio of
PMLA:LLA of: 1:30, 1:50, 1:300, and 1:600 w/w: (a) PLA; (b) PMLA20; (c) P(MLA20-g-LLA)1:30;
(d) P(MLA20-g-LLA)1:50; (e) P(MLA20-g-LLA)1:300; and (f) P(MLA20-g-LLA)1:600.
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Figure 7. Representative DSC heating/cooling/heating thermograms of the P(MLA20-g-LLA)1:30

showing its Tg, Tc, and Tm.

As shown in Figure 8, the TGA thermogram of the PLA sample displays a decompo-
sition onset temperature (Tonset) of 210 ◦C and an end temperature (Tend) of 315 ◦C with
about 98% weight loss. In comparison, the P(MLA-g-LLA) graft copolymers with composi-
tion ratios of PMLA:LLA of 1:30, 1:50, 1:300, and 1:600 w/w show onset temperatures of
around 200–245 ◦C with degradation complete at ~344–400 ◦C and ~96–98%weight loss.
The results show that the presence of PMLA in the P(MLA-g-LLA) structure increases the
decomposition temperature, therefore, an improvement of thermal stability, comparing
with the Td value of PLA alone.

1 

 

 

Figure 8. TG thermograms of PLA, PMLA20, and P(MLA20-g-LLA) with composition ratio of
PMLA:LLA = 1:30, 1:50, 1:300, and 1:600 w/w.
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For the molar mass characterization, the number- and weight-average molecular
weights (Mn and Mw) and dispersity (Ð = Mw/Mn) of the polymers were determined by gel
permeation chromatography (GPC) using THF as a solvent at 40 ◦C (flow rate = 1 mL min−1)
and calibrated with polystyrene (PS) standards using Empower Software. From the results
obtained (see Table 1), the graft copolymers showed rather low molecular weights with
Mw ~ 4000–10,000 g mol−1 and narrow dispersity (Ð ~ 1.1–1.5). Figure 9 shows the GPC
chromatogram of P(MLA20-g-LLA)1:30 graft copolymer which the Mw, Mn, and Ð values
of 4.30 × 103, 3.76 × 103, and 1.1 were observed respectively.

Figure 9. GPC chromatogram of the P(MLA20-g-LLA)1:30 showing the average molecular weight
values of: MZ+1, MZ, Mw, and Mn, respectively.

3.7. PMLA via Vinyl-Addition Polymerization

The homopolymerization reactions of PMLA were carried out in the presence of 5, 10,
15, 20 and 25 mol% of AIBN at 75 ◦C in 1,2-dichlorobenzene (o-DCB). PMLA was synthe-
sized via vinyl addition polymerization using AIBN as an initiator using the free radical to
yield predominantly isotactic polymer structures [59] and PMLA product was obtained as
a white solid in a percentage yield of 60–65%. From the results obtained, it was found that
as the amount of AIBN increased, the molecular weight of the polymer decreased.

3.8. P(MLA-g-LLA) and PLA via Ring-Opening Polymerization

P(MLA-g-LLA) and PLA were synthesized via ring-opening polymerization (ROP).
The optimal condition for the synthesis of P(MLA-g-LLA) and PLA was 0.03 mol% of liquid
tin(II) n-butoxide at 120 ◦C for 72 h. The physical appearance of the purified P(MLA-g-LLA)
and PLA were obtained as a white solid with percentage yield of synthesis around 70–90%
and 90% respectively. P(MLA-g-LLA) was found to have a relatively low molecular weight
of Mw ~ 4000–11,000 g mol−1 and a narrow dispersity (Ð) of ~1.1–1.4 compared to PLA as
the data shown in Table 1. For P(MLA-g-LLA), it was synthesized via ROP by LLA initiated
of ester group on PMLA chain with the proposed mechanisms as shown in Scheme 4.

From Scheme 4, the proposed mechanism of the synthesized poly(methylenelactide-g-
L-lactide), P(MLA-g-LLA) starts with the O atoms of LLA have been activated by chelation
with the Sn atom of Sn(OnBu)2 initiator. Then, the reactive butoxy group of initiator
attacks the carbonyl group of LLA through coordination-insertion to give nBuOSn–butyl
lactate. Next, this intermediate was reacted with LLA in the propagation step to obtain the
propagating species as low molecular weight SnLLA–OnBu. After that, the Sn atom of low
molecular weight SnLLA–OnBu attacks the carbonyl carbon of PMLA chain and inserts
into LLA ring of PMLA to form the P(MLA-g-LLA).
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4. Conclusions

In this research work, the synthesis of P(MLA-g-LLA) graft copolymers were success-
fully performed by a combination of vinyl-addition and ring-opening polymerizations
(ROP). The optimum condition for the synthesis of the graft copolymer was obtained
from using 0.03 mol% of liquid Sn(OnBu)2 at 120 ◦C for 72 h. The physical appearance of
P(MLA-g-LLA) was obtained as a white solid with a percentage yield of approximately 90%.
To investigate the polymerization behavior of P(MLA-g-LLA), different molar amounts
of PMLA were used. The grafted structure of P(MLA-g-LLA) can be confirmed by a
combination of 1H, 13C-NMR, and FT-IR techniques.

Thermal properties were characterized by DSC and TGA. The melting temperature
(Tm) of P(MLA-g-LLA) with PMLA:LLA ratios of 1:30 and 1:50 w/w in the range of about
144–164 ◦C was observed. From the DSC results, it can be seen that the Tm values of the
copolymers decreased according to the amount of AIBN in PMLA from 5 to 25 mol%. The
thermal decomposition temperature (Td) of around 328–386 ◦C from TGA was higher than
that of the PLA homopolymer (~300 ◦C) indicating that the grafting reaction has increased
their thermal stability due to the PMLA content of the graft copolymers.

These graft copolymers were obtained with the weight-average molecular weights
( Mw

)
~ 4000–11,000 g mol−1 and narrow dispersities (Ð = 1.1–1.4). It is considered that they

could be incorporated as additives in commercial PLA to improve both its melt processing
characteristics and various thermo-mechanical properties. Such improvements would
further broaden the range of applications of PLA as a bioplastic.
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