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Preface

Among the strategies for reducing the negative effects on the environment affected 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. Therefore, 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 Borras, and Miguel Fernando Aldas Carrasco
Editors
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Abstract: Potato thermoplastic starch (TPS) containing 1 wt.% of pure halloysite (HNT), glycerol-
modified halloysite (G-HNT) or polyester plasticizer-modified halloysite (PP-HNT) was prepared by
melt-extrusion. Halloysites were characterized by FTIR, SEM, TGA, and DSC. Interactions between
TPS and halloysites were studied by FTIR, SEM, and DMTA. The Vicat softening temperature, tensile,
and flexural properties were also determined. FTIR proved the interactions between halloysite and
the organic compound as well as between starch, plasticizers and halloysites. Pure HNT had the best
thermal stability, but PP-HNT showed better thermal stability than G-HNT. The addition of HNT and
G-HNT improved the TPS’s thermal stability, as evidenced by significantly higher Tse,. Modified TPS
showed higher a Vicat softening point, suggesting better hot water resistance. Halloysite improved
TPS stiffness due to higher storage modulus. However, TPS/PP-HNT had the lowest stiffness, and
TPS/HNT the highest. Halloysite increased T« and lowered Tg due to its simultaneous reinforcing
and plasticizing effect. TPS/HNT showed an additional 3-relaxation peak, suggesting the formation
of a new crystalline phase. The mechanical properties of TPS were also improved in the presence of
both pure and modified halloysites.

Keywords: starch; halloysite; hot water resistance

1. Introduction

As the materials of the millennium, plastics have become synonymous with technical
and economic progress [1,2]. Unfortunately, the growing amount of polymer waste collected
in landfills has a negative impact on the plants, animals, and people’s living conditions [3,4].
To reduce the negative effects on the environment, research is being conducted on the
production of polymers derived from renewable and biodegradable raw materials [5-7].
Currently, the share of biodegradable plastics in the global plastics market is small, but
shows an upward trend. In the modern world, caring about the natural environment is
becoming not only an obligation, but also a necessity [8-10]. According to the EU Directive
(SUP) on the ban on the production (from 2021) of certain single-use plastic products
(cutlery, plates, stirrers, expanded polystyrene packaging), manufacturers of these products
are obliged to replace them with biodegradable materials [4,6,11].

One of the most widespread natural polymers is starch [12-14]. Its biodegradabil-
ity and bio renewability make this polymer “double green”, and it meets the principles
of “green chemistry”. Great hopes for solving the problem of waste, especially pack-
aging waste, are associated with the use of thermoplastic starch (TPS), which can be
processed using traditional techniques such as extrusion, injection, pressing, etc. The ad-
vantages of starch are its low price and universal availability. The disadvantages, limiting
its widespread use in industry, are the values of its glass transition and melting point
(230—240 °C), which are higher than the thermal decomposition temperature (220 °C) [15].

Starch is produced from many different renewable sources. It is a cheap and inherently
biodegradable material. It can be completely converted by microorganisms into carbon

Polymers 2023, 15, 1762. https:/ /doi.org/10.3390/polym15071762 1
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dioxide, water, minerals, and biomass, without negatively impacting the environment [16].
Starch grains come in all shapes and sizes, ranging from 2 pm to over 100 pm, depending
on their botanical origin and type [17,18].

Starch contains mainly of 15-35 wt.% linear amylose and 65-85 wt.% non-linear
amylopectin. The association of amylose and amylopectin, in the native state, gives
a semicrystalline structure [2,13]. It is well known that native starch is brittle, and its
mechanical properties are very poor. Lack of water causes thermal degradation to occur
below the glass transition temperature [19]. Thanks to plasticizers, thermal processes, and
shear stress, it is possible to convert native starch into a thermoplastic polymer [9,14,20].
However, due to poor mechanical properties and high hygroscopicity, plasticized starch
cannot yet compete with polymers from non-renewable raw materials. To overcome these
problems, nanocellulose [21], montmorillonite [22,23], kaolin [24], bentonite [25], nano
silica [26], chitosan [27,28] and halloysite [29,30] have been used.

Halloysite, due to its structure consisting of hollow nanotubes and multiple rolled alu-
minosilicate layers, is physically and chemically similar to kaolinite [30-32]. The nanotubes’
outer diameter is 50-200 nm, their inner diameter is 5-30 nm, and their length is 0.5-25 pm.
The negatively charged SiO, forms the outer surface and the positively charged Al,O3
forms the inner surface of the HNT. Halloysite, thanks to high specific surface area, good
thermal stability, low cost, and unique surface properties, is one of the most important clay
minerals [33,34].

Schmitt et al. [35] found that the addition of 2-8 wt.% unmodified and modified
(quaternary ammonium salt with benzalkonium chloride) halloysite nanotubes improved
thermal stability and tensile properties of starch. The modified halloysite had a much
higher Young’s modulus than the unmodified one.

Therefore, it can be expected that even a small addition of HNT will increase thermo-
plastic starch’s resistance to hot water and improve its mechanical properties. As far as we
know, no comprehensive research on the use of pure halloysite and halloysite containing
glycerol or polyester plasticizer for the modification of thermoplastic potato starch has
been described yet. It was expected that HNT would act as a plasticizer and a reinforcing
agent simultaneously.

Therefore, this article presents the effect of unmodified and modified with glycerol or
polyester plasticizer halloysite on the thermal, mechanical, and morphological properties
of thermoplastic potato starch. Before modification, pure HNT was subjected to ultra-
sonication to introduce more organic compound into its porous structure and improve
molecular interactions between TPS components. The structure and thermal properties
were analyzed by Fourier infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), dynamic thermomechanical analysis (DMTA), thermogravimetric thermal analysis
(TGA), differential scanning calorimetry (DSC) and Vicat softening temperature. Moreover,
its tensile and flexural properties were determined.

2. Materials and Methods
2.1. Materials

Native potato starch with amylose content of 21%, pH 5.5-7.5 was obtained from
B.E.S.T. Company, Parczew, Poland. Before processing, the starch was conditioned at
23 °C and 50% relative humidity for 48 h. Under these conditions, native starch contained
11% moisture. Glycerol (99% purity) (Sigma-Aldrich, Munich, Germany) and sorbitol
(Sigma-Aldrich) were used as plasticizers. Pure (HNT) and modified with glycerol (G-
HNT) or polyester plasticizer (PP-HNT) halloysite nanotubes were used as a plasticizer and
reinforcer, simultaneously (Table 1). Pure halloysite was delivered from the open pit mine
“Dunino”, Intermark Company, Gliwice, Poland. The polyester plasticizer was obtained by
the method described in [36]. Briefly, the plasticizer was obtained in a three-stage process.
In the first stage, 2-butyl-2-ethyl-1,3-propanediol (BEPD), 2-methyl-1,3-propanediol (MPD),
ethylene glycol (EG), and propylene glycol (PG) were placed into the reactor in appropriate
proportions. After starting the stirrer and heating, a Fascat 4100 catalyst and succinic acid
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were added. The synthesis was carried out in an inert gas atmosphere at a temperature
below 177 °C. After collecting about 81% of the theoretical condensate amount (water with a
small glycols content), the process was continued under reduced pressure at a temperature
of 175—180 °C until the acid number (AV) and hydroxyl number (HV) of 111.3 mg KOH/g
and 1.7 mg KOH/g, respectively, were obtained. In the second step, Fascat 4100 catalyst
and 2-ethylhexyl alcohol (EHA) were added. The process was carried out in an inert gas
atmosphere at a temperature of 160—186 °C to obtain AV of 5.2 mg KOH/g. In the third
stage, distillation of unreacted EHA was carried out at a temperature of 180—189 °C under
reduced pressure. After obtaining an AV of 3.6 mg KOH/g and volatility of 0.38 wt.%, the
process was continued for 3 h. A plasticizer with the following parameters was obtained:
AV 2.2 mg KOH/g; HV 3.6 mg KOH/g; viscosity (25 °C) 2550 mPa-s; volatility (2 h/140 °C)
0.26 wt.%; M,, 2340 g/mol.

Table 1. Pure and modified halloysite characteristic.

. BET Surface Area Average Pore Size Average Particle Size
Halloysite 2
(m*/g) (nm) (nm)
Pure HNT 61 11 93
FINT after 35 17 173
ultra-sonication
PP-HNT 15 24 414
G-HNT 8 37 774

2.2. Halloysite Modification and Characterization

Modified halloysite was obtained in a two-stage process published elsewhere [37]. In
the first stage, the suspension of native halloysite in demineralized water was subjected to
an ultrasonic field with a power of 250-350 W and frequency of 20-40 kHz for 2-3 h. After
ultra-sonication, a solution of modifying agent in ethyl alcohol was added to the suspension
of halloysite in water and stirred for 3 h using a mechanical stirrer in an ultrasonic field.
After evaporation of the alcohol, the precipitate was ground in a ball mill.

A BET-N2 sorption method (Tri Star II 3010, Micromeritics, Norcross, GE, USA) was
used to determine the specific surface area of halloysite nanoparticles. The morphology
of pure and modified halloysite nanotubes was studied by scanning electron microscopy
(SEM) at 20 kV, using a Jeol JSM-6490LV microscope (Japan).

2.3. Thermoplastic Starch Processing

Plasticized starch was obtained in a two-stage process published elsewhere [37]. At
first, 69 wt.% native starch, 10 wt.% glycerol and 20 wt.% sorbitol, and 1 wt.% of halloysite
were blended in a laboratory mixer (LMX5-5-VS, Labtech Engineering Co. Ltd., Thailand)
for 2 min at a speed of 1000 rpm. Then, the stirrer speed was reduced to 400 rpm and
glycerol was introduced, after which the stirrer speed was increased to 1300 rpm. After
reaching a temperature of 65 °C, the process was terminated. The homogenized starch
was dried at 110 °C for 2 h (to a water content of about 10%), and then plasticized in a
KraussMaffei Berstorff (Munich, Germany) twin-screw extruder with a screw diameter of
25 mm and a length of 51D. The process was carried out at a temperature of 40-160 °C
and a screw speed of 100 rpm. Test samples were injection molded at 155-175 °C using an
Arburg 420 M single screw injection machine (Allrounder 1000-250, Lossburg, Germany).
The mold temperature was 20 °C.

2.4. Methods

Fourier infrared spectroscopy (FTIR) (Thermo Fisher Scientific, model Nicolet 6700,
Waltham, MA, USA) was used to analyze the chemical structure. The spectra were recorded
using at least 64 scans with 2 cm ™! resolution, in the spectral range of 4000-500 cm ™!,
using a KBr pellets technique. At least three samples of each halloysite and starch were
evaluated.
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The starch morphology was characterized by SEM in high vacuum using a Joel JSM
6100 microscope (Tokyo, Japan) operating at 20 kV. The impact fractured surface of the
injection molded samples was coated with a thin gold layer to avoid charging and increase
image contrast. At least three samples of each starch were evaluated.

The viscoelastic properties were studied by torsion dynamic thermomechanical anal-
ysis (DMTA) using a dynamic analyzer (Rheometrics RDS 2, Rheometric Scientific Inc.,
Piscataway, NJ, USA) at a frequency of 1 Hz. The strain level was 0.1%. Data were collected
from —150 to 100 °C at a heating rate of 3 °C/min. The specimens (38 mm x 10 mm X 2 mm)
were cut from injection molded samples. At least three samples of each starch were evaluated.

Thermal stability was determined by thermogravimetric analysis (TGA) using a
TGA/SDTA 851e thermogravimetric analyzer (Metler Toledo, Greifensee, Switzerland)
in a nitrogen atmosphere at heating rate of 10 °C/min, from 25 to 700 °C. The temper-
atures of 5% weight loss (T59,), 10% weight loss (T1g,), and total weight loss at 700 °C
were determined. In addition, the maximum decomposition rate temperature (Tmax) was
determined from the differential thermogravimetric curve, which is the first derivative of
the TG curve. The minima visible on DTG curve correspond to Trax. At least three samples
of each halloysite and starch were evaluated.

Differential scanning calorimetry (DSC) analysis was carried out using a DSC 822e
apparatus (Metler Toledo, Switzerland) at a temperature from —50 °C to 200 °C in an argon
atmosphere. The heating rate was 10 °C/min, and the argon flow rate was 50 mL/min. At
least three samples of each halloysite and starch were tested.

The Vicat softening point was determined using HV3 apparatus by CEAST, Italy,
according to ISO 306, method A (load 10 N, heating rate 50 °C/h).

The tensile and flexural properties were measured using an Instron 5500R universal
testing machine (Massachusetts, UK) according to ISO 527 and ISO 178, respectively. The
crosshead speeds for tensile and flexural tests were 5 and 2 mm/min, respectively. The
gage length for tensile tests was 50 mm. The average of five measurements was taken as
the result.

3. Results and Discussion
3.1. Halloysite Characterization

BET confirmed that before and after ultra-sonication, pure HNT had a porous structure
with an average pore size of 11 nm and 17 nm, respectively (Table 1). At the same time, the
average particle size increased from 93 nm to 173 nm. PP-HNT and G-HNT also showed a
porous structure, and their average pore size gradually increased from 11 nm in HNT to
24 nm and 37 nm, respectively. A significant reduction in the specific surface area of the
halloysite after modification and an increase in the size of pores and particles compared to
pure halloysite indicated the build-up of the applied organic compound on the HNT surface
(Table 1), confirmed by SEM, as shown in Figure 1. These observations are consistent with
other studies [38,39].

3.1.1. Infrared Spectroscopy (FTIR)

FTIR spectra of pure and modified halloysite are presented in Figures 2 and 3. In the
hydroxyl region (4000-3000 cm 1), the HNT spectrum shows two distinct peaks at 3690 and
3618 cm ™!, corresponding to the stretching vibration of the Al,-OH groups’ inner-surface
and the deformation vibration of interlayer water, respectively [31]. The weak peak at
1630 cm ! is related to the OH stretching and deformation vibration of the adsorbed water,
respectively. The bands at wavenumbers 1113 and 1023 cm ™! are assigned to the Si-O
in-plane stretching vibration and perpendicular Si-O-5i stretching vibration, respectively.
The band at wavenumber 907 cm ! corresponds to the O-H deformation of the internal
hydroxyl groups, and that at 787 cm~! is due to a symmetrical Si-O stretching vibration.
The bands at 744 and 687 cm ! are attributed to the perpendicular Si-O stretching vibration.
All these observations suggest the presence of more than one type of water in the halloysite
structure, and are consistent with previous reports on halloysite [31,40-44].
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Figure 1. SEM images of pure HNT (a), PP-HNT (b) and G-HNT (c).
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Figure 2. FTIR spectra of HNT, glycerol and G-HNT in the 4000-500 cm ™! region.

In the case of PP-HNT and G-HNT, it was clear that the characteristic peaks of HNT
were maintained. In the G-HNT spectrum, the presence of new peaks at the wavenumbers
3296 cm~! (OH vibration), 2947 cm ™! (asymmetrical CH stretching vibration), 2875 cm~!
(symmetrical CH stretching vibration), and 1455 cm ™! (CH bending vibration), belonging
to glycerol, prove the interaction of glycerol with HNT. In addition, these bands were
slightly shifted compared to glycerol, and their intensity decreased significantly. The
band of adsorbed water at 1630 cm ! shifted to 1636 cm™~!. The bands at 1113, 998, and
787cm ™! shifted slightly to 1110, 993 and 783 cm ™!, respectively. Compared to the pure
HNT, the spectrum of PP-HNT (Figure 3) shows new peaks at 2954 cm~! (C—H stretching
vibration), 2926 cm~! (asymmetrical C—H stretching vibration), 2862 cm ™! (CHj stretching
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vibration), and 1636 cm~! (C=0 stretching vibration), belonging to succinic acid, proving
the interaction of polyester plasticizer with HNT. The intensity of the bands decreased
significantly compared to polyester plasticizer. The band at 787 cm~! shifted slightly
to 791 cm~ 1. All these observations suggest the interactions between halloysite and the
organic compounds (glycerol, polyester plasticizer).
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Figure 3. FTIR spectra of HNT, polyester plasticizer and PP-HNT in the 4000-500 cm ™! region.

3.1.2. Thermal Properties

The thermal decomposition of glycerol, polyester plasticizer, and pure and modified
halloysite is summarized in Table 2 and shown in Figure 4. The TG curve of pure HNT
shows two phases of weight loss (Figure 4a,b). The mass loss from 25 °C to 150 °C is due to
the removal of physically adsorbed water, while the mass loss in the temperature range
of 150-403 °C is related to the removal of interlayer residual water. The mass loss above
403 °C is due to Al-OH and Si-OH groups dehydroxylation [45,46]. In contrast, PP-HNT
and G-HNT show three weight loss phases with a gradual loss up to 262 °C and 164 °C,
respectively, followed by two steeper weight losses (Figure 4a,b). The first mass loss up to
about 100 °C is attributed to the adsorbed water loss, the second loss is due to the glycerol or
polyester plasticizer loss (Figure 4c,d), and the third is due to the halloysite dehydroxylation.
There was a significant decrease in the 5% weight loss temperature (Ts¢,) compared to pure
HNT results from the presence of an organic compound (glycerol, polyester plasticizer) in
the halloysite structure, which degrades at a much lower temperature (Figure 4c,d, Table 2).
The HNT modification caused a decrease in a maximum rate of decomposition temperature
(Tmax3) compared to the Trax of pure HNT (Figure 4b).

Table 2. TGA data of glycerol, polyester plasticizer, pure and modified halloysite.

. Tso, Tmax Residue
Halloysite ©0) o) (%)
Glycerol 182 258 0
Polyester plasticizer 261 275, 395, 407 3
Pure HNT 403 58,491 86
PP-HNT 262 56, 268, 483 79
G-HNT 164 58, 203, 482 72
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Figure 4. TG and DTG curves of halloysites (a,b), glycerol (c), and polyester plasticizer (d).

The DSC curves of pure and modified HNT show phase change as a function of
temperature (Figure 5). Pure HNT and G-HNT clearly show typical endothermic peaks
at 106 °C and 114 °C, respectively, where absorbed water melts. In contrast, PP-HNT
shows two endothermic peaks at 56 °C and 88 °C, which can also be attributed to the
melting of absorbed water. These results are consistent with the FTIR observations and
other studies [47,48].
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Figure 5. DSC curves of pure and modified HNT.

3.2. Thermoplastic Starch
3.2.1. Chemical Structure and Molecular Interactions

The chemical structure and molecular interactions of native starch, plasticizers and
halloysite were studied by FTIR spectroscopy. Unmodified and modified TPS show similar
FTIR absorption bands (Figure 6). The broad band between 3660 cm~! and 2990 cm ™! is
associated with complex vibrational stresses of free, inter-, and intramolecular bonds of
hydroxyl groups [49,50]. The peak at 2936 cm ! is related to C-H stretching (-CH>) of the
anhydrous glucose ring [51], and the peak at 1646 cm ™! to water resulting from the starch
hygroscopicity [49]. It is known that the water present in starch is strongly and directly
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bound to the starch molecules through the ion-dipole interaction, which is stronger than
the normal water-water bond [51]. The peaks between 1149 cm~ ! and 1012 em ™! indicate
the interactions between starch and plasticizers molecules [51]. The peak at 998 cm s
attributed to intramolecular hydrogen bonding of hydroxyl groups or the water plasticizing
effect [50]. Moreover, the intensity of the peaks with maximum at 1012 cm~! and 998 cm ™!
is lower for TPS/HNT and TPS/G-HNT compared to TPS, but higher for TPS/PP-HNT,
demonstrating the molecular interactions between starch, plasticizers (glycerol/sorbitol)
and halloysite. Similar observations on the interactions between starch and plasticizers
have been reported in other studies [52,53].
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Figure 6. FTIR spectra of unmodified and halloysite-modified TPS in the 4000-500 cm ™! region.

3.2.2. Morphology

The morphology of native and plasticized starch was observed by SEM, as illustrated
in Figure 7. TPS shows a uniform morphology with no visible remains of starch granules,
which suggests that the plasticizers (glycerol, sorbitol), together with heat and shear stress
in the extrusion process, effectively destroyed the starch granules. SEM images indicate that
booth pure and modified HNTs are evenly distributed in TPS matrix (Figure 7b—e). TPS,
TPS/PP-HNT and TPS/G-HNT exhibit rough fracture surfaces (Figure 7b,d,e). However,
the roughest surface is observed for TPS/PP-HNT (Figure 7d), while TPS/HNT shows the
smoothest surface (Figure 7c). It is worth noticing to note that the addition of HNT and
G-HNT improves TPS homogeneity, confirming the greater plasticizing effect. Based on the
SEM results, it can be concluded that TPS/PP-HNT is the most flexible, while TPS/HNT
the most brittle, which is also confirmed by the mechanical properties.

3.2.3. Viscoelastic Behavior

Dynamic thermomechanical analysis (DMA) was performed to investigate the inter-
facial interactions between starch and halloysite. Two distinct decreases in the storage
modulus (G') can be observed in Figure 8a. The first one at —50 °C corresponds to the 3
relaxation related to the crystalline structure of thermoplastic starch. The second decrease
occurs in the temperature range from 30 to 70 °C and is associated with the « relaxation
transition (T «), which probably corresponds to the melting process of thermoplastic starch.
Compared to TPS, the storage modulus of TPS modified with halloysite shows a signif-
icant increase in the following order: TPS/G-HNT < TPS/PP-HNT < TPS/HNT, which
indicates higher stiffness. This is due to the limitations of the starch chains’ segmental
movement [9,54] and the presence of nanotubes with a high modulus and high aspect
ratio [55]. This phenomenon is particularly evident above the glass transition of the starch-
rich phase (T).
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Figure 7. SEM images of native starch (a), TPS (b), TPS/HNT (c), TPS/PP-HNT (d) and TPS/G-

HNT (e).
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Figure 8. Storage modulus (a) and loss modulus (b) of unmodified and halloysite-modified TPS.
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In the case of TPS, the loss modulus (G”) shows two peaks at —21 °C and 50 °C
(Figure 8b). The G” peaks are known as polymer relaxations related to glass transition
temperature (Tg) or secondary transformations. The upper transition is attributed to the
glass transition of the starch-rich phase (T), while the lower one is attributed to the glass
transition of the glycerol-rich phase (Tg) [9,26,55]. An additional, a § relaxation peak is
observed only for pure HNT, which suggests the formation of a new crystalline phase.
All modified TPS show lower T and higher T (Table 3). A decrease in T suggests the
presence of more flexible regions or greater mobility of the starch chains fragments in the
crystalline phase, indicating a greater plasticizing effect. In contrast, an increase in Ty
suggests the presence of a stiffer regions or less mobility of the starch chain fragments in
the amorphous phase, confirming a bigger reinforcing effect. It can be concluded that HNTs
behave simultaneously as a plasticizing and reinforcing agent. A similar phenomenon has
been reported in other studies [9,26].

Table 3. Storage modulus and relaxation temperature of unmodified and halloysite-modified TPS.

Sample Storage Modulus (MPa) Relaxation Temperature (°C)
-21°C 23°C Ta Tg Tp1

TPS 2820 900 50 —22 -
TPS/HNT 3400 1380 70 —27 12

TPS/PP-HNT 3100 1040 69 —25 -

TPS/G-HNT 3090 1120 72 —25 -

3.2.4. Thermal Properties

Thermogravimetric analysis (TGA) was used to determine the temperature above
which the degradation and destruction of thermoplastic starch begins. The addition of 1
wt.% halloysite affects the thermal stability of TPS, depending on its modification (Figure 9a,
Table 4). The highest thermal stability was obtained for TPS/HNT, as evidenced by an
increase in Ts¢, and Tygy, by 19 °C and 17 °C, respectively, compared to unmodified TPS.
The incorporation of G-HNT into TPS also increases the decomposition onset temperature
(9 °C) and 10% mass loss temperature (3 °C). Thus, due to high thermal stability and
good interaction with native starch, glycerol and sorbitol, HNT and G-HNT improve the
thermal stability of starch [30,35]. However, as expected, PP-HNT slightly decreases the
thermal resistance of TPS, as evidenced by lower thermal decomposition temperatures.
These results are consistent with morphology analysis (Figure 7) and mechanical properties
(Figure 10).

—Tps
—TPS/HNT
—TPS/PP-HNT
—TPS/G-HNT

eNdO m——p

P

100

200 300 400 500 600 700 -50 0 50 100 150 200

Temperature (°C) Temperature (°C)

(a) (b)

Figure 9. TGA (a) and DSC (b) thermograms of unmodified and modified TPS.
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Table 4. Thermal properties of unmodified and modified TPS.

Tso, T10% Residue Tmax o Vicat
Sample ) ) (%) °C) €O o
TPS 253 268 12 313 4.3 65
TPS/HNT 272 285 10 315 3.5 76
TPS/PP-HNT 243 268 10 307 -1.2 72
TPS/G-HNT 262 271 10 313 3.3 67
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Figure 10. Stress—strain curves (a), Young’s modulus (b), flexural strength (c) and flexural modulus
(d) of unmodified and halloysite-modified TPS.

The DSC curves of unmodified and halloysite-modified TPS show no phase change as
a function of temperature (Figure 9b), suggesting that TPS is fully amorphous. In general,
halloysite slightly reduced the glass transition temperature (Tg) of TPS. Ty was observed
from —1.2 °C to 4.3 °C, depending on halloysite modification. TPS/PP-HNT showed the
lowest Tg, suggesting better flexibility, which was confirmed by mechanical properties
(Figure 10) and SEM observations (Figure 7).

An important parameter indicating resistance to hot water is the Vicat softening point.
The addition of halloysite causes a significant increase in the Vicat temperature by 3-11 °C,
suggesting better hot water resistance. The highest Vicat point was obtained for starch
containing pure HNT, and the lowest for starch with the addition of G-HNT.

3.2.5. Mechanical Properties

The tensile and flexural properties of unmodified and halloysite-modified TPS are
presented in Figure 10. It is clear from Figure 10a that HNT reduces the elongation at break
while increasing the tensile strength. In contrast, modified halloysite improves elongation.
The highest elongation and tensile strength were obtained using PP-HNT, which confirms
the plasticizing and reinforcing effect of halloysite. Moreover, TPS had significantly lower
flexural strength and Young’s modulus than the modified with halloysite. In the case
of TPS/HNT, the tensile strength and Young’s modulus increased up to 39% and 45%,
respectively. After adding the modified halloysite, the tensile and flexural modulus of TPS
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decreased while the flexural strength increased, suggesting that the starch became more
flexible compared to TPS/HNT. This explains the reduction in starch-starch intermolecular
interactions, which results in an increase in the free volume and mobility of the starch
chains. These findings are consistent with previous morphology analysis and DMTA
results. The improvement of tensile and flexural properties results from the high aspect
ratio and high mechanical properties of halloysites in combination with good interactions
between starch, plasticizers and halloysite. Indeed, the good interfacial adhesion between
the halloysites and the starch together with the uniform dispersion of the halloysites in
the starch matrix enables effective stress transfer from the matrix to the reinforcement,
resulting in an increase in tensile and flexural strength. Similar results were reported in
other studies [35,52].

4. Conclusions

Potato thermoplastic starch containing pure halloysite, glycerol-modified halloysite
or polyester plasticizer-modified halloysite was obtained in a twin-screw extruder. Ultra-
sonication was used to introduce more organic compound into the porous structure of
halloysite and improve molecular interactions between native starch, plasticizers and
halloysite. BET, FTIR and SEM confirmed successive incorporation of glycerol and polyester
plasticizer into halloysite. However, modified halloysite showed lower thermal stability
then pure HNT due to the presence of the organic compound (glycerol, polyester plasticizer)
in the halloysite structure, which degrades at a much lower temperature. FTIR confirmed
the interactions between starch, plasticizers (glycerol, sorbitol) and halloysite. HNT and
G-HNT, due to high thermal stability and good interaction with TPS components, increased
its heat resistance. Moreover, HNTs improved stiffness of thermoplastic potato starch,
as evidenced by the higher storage modulus, depending on the halloysite modification.
TPS/HNT exhibited the highest stiffness, while TPS/PP-HNT the lowest stiffness. DMTA
confirmed simultaneous reinforcing and plasticizing effect of halloysite, as evidenced by
an increase in Ty and a decrease in Tg. The mechanical properties were significantly
improved after addition of pure and modified halloysites into starch matrix due to uniform
distribution of halloysite in the starch matrix. Pure HNT showed a significantly higher
Young’s modulus and flexural modulus than modified halloysites, but a lower elongation at
break, tensile and flexural strength compared to PP-HNT. In addition, hot water resistance
was improved due to a significantly higher Vicat softening point.

Potato starch is a cheap, renewable, easily available, and particularly good raw material
for both physical and chemical modification, while halloysite is a natural and biocompatible
raw material. Therefore, biodegradable starch-based materials modified with halloysite
can replace conventional non-degradable polymers in single-use plastic products. Such
studies are currently being conducted by our research group and will be the subject of a
future publications.

5. Patents
The results of the work are protected by the Polish patent application P 441 782 (2022).
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Abstract: The purpose of this study is to assess water-polymer interaction in synthesized starch-
derived superabsorbent polymer (S-SAP) for the treatment of solid waste sludge. While S-SAP
for solid waste sludge treatment is still rare, it offers a lower cost for the safe disposal of sludge
into the environment and recycling of treated solid as crop fertilizer. For that to be possible, the
water—polymer interaction on S-SAP must first be fully comprehended. In this study, the S-SAP
was prepared through graft polymerization of poly (methacrylic acid-co-sodium methacrylate) on
the starch backbone. By analyzing the amylose unit, it was possible to avoid the complexity of
polymer networks when considering S-SAP using molecular dynamics (MD) simulations and density
functional theory (DFT). Through the simulations, formation of hydrogen bonding between starch
and water on the HO06 of amylose was assessed for its flexibility and less steric hindrance. Meanwhile,
water penetration into S-SAP was recorded by the specific radial distribution function (RDF) of atom~—
molecule interaction in the amylose. The experimental evaluation of S-SAP correlated with high water
capacity by measuring up to 500% of distilled water within 80 min and more than 195% of the water
from solid waste sludge for 7 days. In addition, the S-SAP swelling showed a notable performance of
a 77 g/g swelling ratio within 160 min, while a water retention test showed that S-SAP was capable of
retaining more than 50% of the absorbed water within 5 h of heating at 60 °C. The water retention of
S-SAP adheres to pseudo-second-order kinetics for chemisorption reactions. Therefore, the prepared
S-SAP might have potential applications as a natural superabsorbent, especially for the development
of sludge water removal technology.

Keywords: superabsorbent polymer; water—polymer interaction; solid waste sludge treatment; starch
biopolymer; water absorbency

1. Introduction

Over the past decades, industrial solid waste sludge has primarily been disposed
of in open landfills, causing hazardous contamination of water resources with toxic
pollutants [1,2]. When solid waste sludge is exposed to rain, the environmental problem
becomes severe. This is because toxic pollutants start to leach out of the sludge, spreading
into soil and underground water [3-5]. To reduce the increasing number of open landfills
for waste treatment, the use of incinerator systems is a more preferable method of getting
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rid of industrial wastes [6]. In the process, ash, flue gas, and heat are produced, causing
air pollution as a secondary environmental issue [6-9]. Another method for treating solid
waste sludge is membrane technologies, which require a long operating time and very high
maintenance costs [10-13]. With prolonged use, the performance of the membrane system
will decrease because of certain drawbacks such as compaction, fouling and scaling [14].
In light of sustainability and cost-effectiveness issues, the development of a more efficient
solid waste sludge treatment system is urgently needed.

For more cost-effective waste management in industry, the removal of water and
toxic metals from sludge to a dried non-hazardous solid is highly desirable to reduce
environmental impact. In addition, treated sludge can be safely disposed of into the
environment and reused as fertilizers [15]. In view of this, superabsorbent polymers
(SAPs) have attracted attention for the treatment of industrial waste due to their high water
absorption capacity [16,17]. For example, a petroleum-based SAP composed of acrylic
acid and acrylamide is used to remove heavy metals from wastewater [18,19]. To form
natural-based SAPs, grafting copolymerization strategies onto carboxymethylcellulose
(CMC) [20-22] and the deacetylation process of chitin from crab, crayfish, and shrimp
shells [23-25] have extensively been studied. Recently, Menceloglu et al. (2022) developed
SAP-halloysite nanotube (HNT) via free radical polymerization to enhance water retention
capacities and rheological characteristics [26]. Nevertheless, the HNT filler in the SAP
limits their application to solid waste sludge treatment and reduces their biodegradability.
In comparison to petroleum-based SAPs, biopolymer SAPs, derived from natural resources
such as cellulose, chitosan and carbohydrates, are more environmentally friendly and
biodegradable [27,28].

In 2021, Chang and co-workers studied SAPs carbohydrates originating from various
starches to demonstrate decent water capacity in agriculture usage [29]. Similarly, Sanders
et al. (2021) used a combination of MD simulations and the grand canonical Monte Carlo
(GCMC) method to study the effect of water on starch [30]. In this technique, the emulsifiers’
processes are limited to single-molecule host—guest binding in dilute solutions. Meanwhile,
Zhiguang et al. (2022) demonstrated an unwound double-amylose helix, and enhanced the
bending degree of starch molecules using MD simulation [31]. However, the MD simulation
could only be performed at high temperatures that affect the conformation of the starch
molecules. Evidently, the interaction between water and polymer on biopolymer SAP,
particularly starch, can be difficult to correlate, either experimentally or through simulation.

Nonetheless, it is necessary to design an experiment to improve the water retention
capacities of SAPs. The main problems with finding suitable biopolymers to prepare SAPs
lie in the complexity of polymer networks. To tackle these problems, this work is the first
investigation to be conducted on the starch-derived SAP (S-SAP) using MD simulations and
density functional theory (DFT), based on their simplest polymer backbone, the amylose
unit, to determine the water—polymer interactions. To support the simulation findings,
the water retentions of S-SAP in distilled water and solid waste sludge were evaluated
and confirmed using Fourier transform infrared (FTIR) spectroscopy. In order to fully
explain the effect of water variations on hydrogen bond formation, starch’s involvement in
producing a high water retention capacity is crucial.

To the best of our knowledge, the study of this type of S-SAP for the treatment of solid
waste sludge has not been reported elsewhere. It may be possible to use MD simulation to
predict the specific interactions between water and other biopolymer-SAPs based on the
original works presented here. By adopting these approaches, a brand new biopolymer
backbone can be functionalized or grafted into excellent SAP materials without any risks of
unwanted molecular interference and complicated experimental design.

2. Materials and Methods
2.1. Materials

The starch (C¢H19Os)n, (p.a. 99%; CAS number: 9005-25-8 from Sigma Aldrich, St.
Louis, MO, USA), methacrylic acid C4HgO», (p.a. 99%; CAS number: 79-41-4 from Sigma
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Aldrich, St. Louis, MO, USA), ammonium persulfate (NH4)»5,0s, (p.a. 99%; CAS num-
ber: 7727-54-0 from Sigma Aldrich, St. Louis, MO, USA), N,N’-methylenebisacrylamide
C7H;19N20», (p.a. 99%; CAS number: 110-26-9 from Merck KGaA, Darmstadt, Germany),
sodium dodecyl sulfate (CH3(CH3)11SO4Na, (p.a. 99%; CAS number: 151-21-3 from Sigma
Aldrich, St. Louis, MO, USA), and p-octyl poly(ethylene glycol)phenyl ether (p.a. 99%; CAS
number: 48145-04-6 from Sigma Aldrich, St. Louis, MO, USA) were purchased and used
for the preparation of superabsorbent. The starch was used without further purification,
while methacrylic acid was distilled under reduced pressure prior to usage. Meanwhile,
the ammonium persulfate (APS) was recrystallized from water before usage. All other
chemicals are of analytical grade and the solutions were prepared with distilled water.

In this study, the solid waste sludge is classified as the primary solid waste (SW 204)
obtained as an offering from an undisclosed disposal facility of a polymer production plant
located at Pasir Gudang, Johor, Malaysia. Prior to the collection of solid waste sludge, the
sample was thickened in the waste treatment ponds by adding cationic polyacrylamide
as the organic flocculants to remove water. Later, the separated solid waste sludge was
allowed to flow over the filtration conveyor on a gravity belt, while the drained wastewater
was discharged through the permeable slit of the belt. Consequently, the solid waste sludge
entrapped high amounts of water primarily due to the presence of organic and inorganic
mixture. The basic composition and physical characteristics of the solid waste sludge for
the test are shown in Table 1. The sludge obtained from solid waste is used directly without
any pretreatment.

Table 1. Sample description of solid waste sludge.

Parameters Description
Code SW204
Origin Pasir Gudang, Johor
Condition Sludges containing one or several metals
Source Polymer production plant
Crystallinity Highly amorphous
Moisture contents 60-70 wt.%

2.2. Preparation of Starch-Derived Superabsorbent Polymer (S-SAP)

1.44 g of starch was added to 30 mL of distilled water in a flask equipped with a stirrer,
condenser, and thermometer. The slurry was stirred continuously and gelatinized at 90 °C
for 30 min, before being cooled to 40 °C. Afterward, 1.5 mg of sodium dodecyl sulfate
(SDS) was dissolved in 2.0 mL of water, while 9.4 mg of organophosphate was added into
the gelatinized starch solution. Upon vigorously stirring for 15 min, the volume of the
slurry increased greatly, and foaming starch was obtained. In a different flask, 7.2 g of
methacrylic acid was partially neutralized with 12.78 mL of 5 M NaOH solution, followed
by the additions of 19.2 mg of N,N’-methylenebisacrylamide (MBA) and 124.8 mg of APS
to the mixture. Subsequently, the solubilised mixture was poured into the foaming starch
slurry. To complete the polymerisation reaction, the water bath was heated at 55 °C for
3 h. The formed gels were dewatered by immersing them into 100 mL of ethanol for 48 h.
Finally, the excess ethanol was removed from the surface using a filter paper, and the
samples were spread on a Petri dish for an overnight drying process at room temperature.

2.3. Characterization

Morphological properties were characterized using a field emission scanning electron
microscope (FESEM), Hitachi SU8020 and 20 keV. Prior to FESEM imaging, the samples
were coated with platinum (Pt) using a vacuum sputter coater. The elemental compositions
in the prepared samples were analyzed by using energy dispersive X-ray (EDX) (Hitachi)
analysis. The structural properties of the samples were characterized by X-ray diffraction
spectroscopy (XRD) using a Rigaku with Cu anode (PAN analytical Co. X'Pert PRO) at
40 kV and 30 mA. The Fourier transform infrared (FTIR) spectroscopy was performed
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to investigate the functional groups and chemical bonding using an attenuated total re-
flectance Perkin Elmer spectrophotometer, and the wavelengths ranged from 4000 cm !
to 650 cm~!. Both the solid and liquid samples had preset scan numbers of 8 and 16,
respectively. A Mettler-Toledo model DSC STAR system was used to perform differential
scanning calorimetry (DSC) thermogram. A certain amount of the sample was heated up to
400 °C at a heating rate of 10 °C/min. A Philips PW 1400 WD-XRF spectrometer, equipped
with a W anticathode X-ray tube (50 kV, 25 mA), scintillation gas proportional counters in
tandem and a LiF [200] crystal, was used for the X-ray fluorescence (XRF) analysis.

2.4. Density Functional Theory

For visualization of the compounds involved, GaussView 5 software was employed in
this study. Meanwhile, calculation of the studied compound was performed by applying
the density functional theory method on the B3LYP functional and 6-31G (d,p) basis set
using Gaussian 16 software obtained from the Centre for Information Communication and
Technology (CICT), Universiti Teknologi Malaysia.

2.5. Molecular Dynamics

To simulate the water—polymer condition, the model structure of the simplest form of
starch based on linear polymer amylose was obtained from the Research Collaboratory for
Structural Bioinformatics Protein Data Bank RCSB-PDB, through http://www.rcsb.org/
(accessed on 16 June 2020), with a PDB ID 5JIW. A cubic simulation box was used and the
volume of the box was calculated based on a cut-off distance of 12 A. In this molecular
study, fifty molecules of amylose were randomly placed in a 64 nm? simulation box with
periodic boundary conditions (PBC) applied in all directions. The box was then filled with
the requisite number of SPC models of water molecules. A GROMOS 56 A6CARBO Force
Field was deployed to represent the intra—inter-molecular potential of polymer and water.
Figure 1 depicts the cubic simulation box filled with amylose and water molecules.

Figure 1. The cubic simulation box filled with amylose and water molecules.

In computing the MD simulation, the following parameters were used. Primarily,
the integration step of 2.0 fs was used. The non-bonded interactions were calculated up
to 12 A, and the long-range electrostatic interactions were adopted using particle mesh
Ewald (PME) with a grid spacing of 1.2 A and fourth-order interpolation. Neighbour
searching was carried out up to 12 A and updated every five steps. The bond lengths were
constrained using LINCS. Temperature and pressure controls were implemented using the
Berendsen thermostat and Berendsen barostat, respectively. The reference pressure was set
to 1.0 bar, and a relaxation time of 2.0 ps was applied. The isothermal compressibility for
pressure control was set to 4.5 x 107> bar~!. In addition, the heat was separated in two heat
baths with a temperature coupling constant of 0.1 ps, while two-step energy minimization
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was performed with each of the respective energy systems minimized at 10,000 steps of
the steepest descent, followed by 10,000 steps of conjugate gradients. The system was then
introduced in the canonical ensemble (NVT) for 2000 ps. Two different temperatures, which
were 298 and 323 K, were deployed for 10 ns during the production simulation.

The average root mean square deviation (RMSD) was calculated by fitting the sim-
ulated amylose against the initial X-ray crystal structure, while the radial distribution
function (RDF) was determined between the residues’ center-of-mass (RES-COM) of wa-
ter molecules around the amylose. The presence of the formation of hydrogen bonding
between the two molecules can be confirmed, provided that the distance between the
hydrogen atom and the acceptor is less than 0.35 nm and the angle formed by acceptor—
donor-hydrogen is less than 30°. The hydrogen bonding interactions were calculated as an
average. All the pictures shown were created using PyMol.

2.6. Absorption Properties

The absorption studies are conducted for the absorbency test on dry S-SAP in dis-
tilled water (as control) and the absorption of wastewater from sludge. In the respective
absorption test, three replicates of ca. 1 g of dry S-SAP were prepared, placed in a nylon tea
bag, and immersed in a 250 mL beaker with a sufficient amount of distilled water at room
temperature to reach the saturation point of S-SAP. The difference in absorbency (Quwater) of
the SAPs was calculated using Equation (1).

mf — m;
Quwater = - x 100% (1)

1

where m; is the initial weight of the S-SAP and 1 is the final weight of the S-SAP.

For the wastewater absorption from sludge, three replicates of approximately 2 g of
the dry S-SAP composites were prepared and placed in a nylon tea bag. In this part, a large
amount of dry S-SAP was used in order to provide more surface area for the absorption of
wastewater from solid sludge. Subsequently, the prepared tea bags were immersed in a
beaker with a sufficient amount of SW 204 sludge at room temperature to reach swelling
equilibrium. To calculate the absorbed wastewater from sludge, Equation (1) was used.

2.7. Swelling Properties

Some 1 g of S-SAP was transferred into a nylon tea bag before immersing it in a
beaker with a sufficient amount of distilled water at room temperature to reach the swelling
equilibrium. The amount of water entrapped by S-SAP was weighed upon removing
the excess water. The weight of the swollen S-SAP was recorded based on the swelling
ratio, which corresponded with the size of the swollen S-SAP. The swelling ratio (g) was
determined by using Equation (2):

M; — M,
1= "M @)
where M; is the weight of the swollen SAP and M, is the weight of the dry S-SAP. The water
retention of the swollen S-SAP was determined by heating them at different temperatures
(60°C,70°C,80°C, 90 °C and 100 °C) for 5 h.

3. Results and Discussion
3.1. Synthesis of Starch-Derived Superabsorbent Polymer (S-SAP)

In this study, the S-SAP was formed by graft polymerisation of poly(methacrylic acid
-co-sodium methacrylate) as a monomer on the starch, in the presence of methylenebis-
acrylamide (MBA) as a crosslinker and ammonium persulfate (APS) as a radical initiator.
The neutralization of methacrylic acid took place when the monomer was grafted onto
the starch network. At high temperatures, the initiator (APS) was notably present in the
solution to decompose and produce sulphate anion radicals (SAR). This SAR would initiate
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the polymerization process by activating the monomer, and the active sites in the monomer
would then act as free radical donors to the adjacent monomers prior to the propagation
of the homo polymer. During the polymerization process, a polymer chain was created,
with the end vinyl group in the cross-linker producing inter-penetrating, three-dimensional
S-SAP containing an abundant number of free carboxyl groups. These reactions are shown
schematically in Figure 2.
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Figure 2. Synthetic procedures for S-SAP: (a) reaction of starch with poly(methacrylic acid-co-sodium
methacrylate), (b) proposed cross-linking of grafted starch polymer.

3.2. Determination on Water—Polymer Interaction of Starch Backbone

The study on the molecular structure of starch was conducted to understand the nature,
mode of mechanism, and possible interaction of starch prior to the preparation of S-SAP.
This study also determined the ability of starch to act as the backbone of a superabsorbent
polymer. The complex structure of starch granules is the result of a combination of two main
macromolecules of amylose and amylopectin, with the repeating units of both molecules
known as D-glucan and glucopyranose. Notably, starch exists in the form of granules
of different sizes and shapes. Typically, this type of starch demonstrates round and oval
granules of various sizes, as shown in Figure 3a. In particular, starch possesses a semi-
crystalline morphology with different degrees of crystallinity depending on their classes.
Based on the XRD pattern shown in Figure 3b, the starch shows several intense peaks at
20 of 5.5°, 15° and 17°. A few less intense peaks were also observed at 26 of 23° and 24°.
The observed diffraction patterns suggest that the respective starch has semi-crystalline
properties. In addition, the broad diffraction peaks observed at the range of ca. 26 of
10°-17° indicate the presence of small crystallite sizes.

To determine the functional groups and effects of water—polymer interactions on the
starch granules, FTIR spectroscopy measurements were carried out, as shown in Figure 4.
The appearance of a wide peak at the region of 1200-800 cm ! corresponded to the vibration
band of glucan ring, which overlapped with the stretching mode of C-OH and the bending
vibration of the C-O-C glycosidic band [32]. On the other hand, the peaks that appeared
at the wavelengths of 1149 em~ 1, 1077 em ™! and 997 em !, [32,33] were attributed to the
formation of C-O and C-C stretching, as well as the formation of C-OH [33,34]. Meanwhile,
the peak observed at ca. 1638 cm ™! corresponded to the bending mode of H-O-H, which
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resulted from the consecutive addition of water. The presence of the respective peak is in
agreement with the findings reported in the literature [34,35].

®
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Figure 3. (a) The FESEM micrograph of potato starch; and (b) The XRD diffractogram of potato starch.
Inset represents a photograph image of starch powder.
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Figure 4. The FTIR spectra of starch in with the presence of different concentrations of water; (a) 0 mol,
(b) 1 mol, (c) 2 mol, (d) 3 mol, (e) 4 mol and (f) 5 mol.

In this process, the formation of hydrogel is initiated as starch starts to gelatinize into
a stable three-dimensional network. This is a crucial step to disrupt the crystalline structure
of starch and to enable the strong interaction of the water—polymer chain. Moreover, the
ability of starch to form hydrogen bonds with water is a crucial indication that the starch
is capable of absorbing water efficiently. Basically, when starch is treated with water in
excess, the crystalline structure of the starch’s double helices is affected due to the breakage
of internal hydrogen bonding. Therefore, the water molecules will form a bonding with the
exposed hydroxyl groups of amylose and amylopectin. During this process, the granular
structure of starch begins to swell and its solubility in water increases. Consequently, the
stretching vibration appears at ca. 1200-800 cm ™!, which refers to the crystalline domains
that contain the double helices of amylopectin side chains [36] becoming less significant
as more water is added consecutively. However, it was observed that the FTIR spectra of
respective crystalline domains became more intense and significant, as demonstrated by
the stretching vibration at ca. 1200-800 cm~!. The significant increase might be due to the
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retrogradation process in starch, in which the broken double helical crystalline structure in
amorphous starch molecules reformed after losing their water binding ability [37].

To further confirm the presence of the hydrogen bonding interaction between starch
and water, the density functional theory (DFT) was also performed to model the dynamic
structure of starch and water. From Figure Sla, the bond length of O11 and H11 after
optimization using a basic DFT/6-31G (d,p) level provides the value of 1.85 A, indicating
the hydrogen bonding interaction [38]. As can be observed in Figure S1, the hydrogen bond
is highly affected by the dipole forces. Based on the DFT calculation, the obtained value
showed an increment from 2.991912 D (amylose without water) to 3.193061 D (amylose with
water). This change indicates some kind of dependency on the nature of the surrounding
atom, in which the presence of an electronegative oxygen atom of O11 in the system yields a
stronger inductive effect on the hydrogen atom of H111. On the other hand, the decreasing
value of Mulliken charge for the oxygen atom of O11 in Figure S1b, and in the structure
of amylose with and without water in Figure Slc, are —0.522e and —0.561e, respectively,
proving the existence of a hydrogen interaction with H111 [39].

Furthermore, the interaction of starch with water was also analyzed using the molec-
ular dynamics of both starch and water. The root mean square displacement (RMSD)
measures the average atomic displacement between the initial and final conformations of
the simulation trajectory. In this measurement, the initial conformation value was taken
from the RCSB Protein Data bank (http:/ /www.rcsb.org/ (accessed on 16 June 2020)), while
the coordinate of the final position was obtained from the NPT production simulation.
The structural stability of amylose solvated in water molecules was obtained from the last
2 ns, and the result is shown in Figure 5a. The analysis clearly shows that the average
RMSD is about 0.18 A, and this value is in good agreement with the report of a previous
study [40]. This shows that the conformation structure of amylose had swelled and ex-
tended in the absence of an extrinsic mixture. It has been reported that in the presence of
amylose-linoleic acid complexes, the ligand was able to preserve the helical conformation

of the polymer [40,41].
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Figure 5. Molecular dynamics of (a) RMSD of amylose solvated in SPC water molecules at 298 K
for 10 ns. The trajectory for analysis was taken from the last 2 ns of the NPT production simulation.
(b) Average radius of gyration (RoG) of 50 molecules of amylose, representing the amylose region
solvated in SPC water molecules at 298 K and 1.0 bar.

Another analysis technique that can be used to study the formation of a hydrogen
bond between starch and water is the radius of gyration (RoG). In this study, the RoG refers
to the distribution of the atomic structure against its initial position. Figure 5b represents
the RoG of amylose in water with an average value of 0.15 A, which is slightly higher
in comparison to the value reported by Gao et al. (2021) [42,43], who observed the RoG
value of 0.13 A for a single amylose strand. The obtained result indicated that the amylose
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fluctuated greatly and reduced its compactness in water at 298 K. When carbohydrates,
which have hydrophilic properties, strongly interact with water via intermolecular bonding,
the strong attraction between the carbohydrates and water will reduce the compactness of
the amylose complex, since water molecules are highly mobile.

The radial distribution function (RDF) describes the probability density of finding a
molecule from a reference particle. In this study, the water density around the amylose
molecule was investigated. Figure 6a shows that the RDF of the amylose water complex
distance is smaller, with a distance value of about 2.6 A. This validates our prediction on the
existence of a hydrogen bonding interaction between the polar site of amylose with water
molecules. The result indicates that water can penetrate the polymer networks, leading
to a high probability of interaction with amylose molecules. This penetration causes the
amylose structure to stretch out, thus decreasing its helical stability. The specific RDF atom—
molecule interaction was also carried out to determine the parts in the amylose site wherein
the most intermolecular hydrogen bonding interaction occurs. In general, amylose chains
have a strong affinity towards themselves and towards materials that contain hydroxyl
groups. The amylose chains are intra-connected via intra-molecular OH-O-type hydrogen
bonds to form fleet sheets with CH-O hydrogen bonds [43]. The formation of intermolecular
interaction is strongly dependent on the absorption sites: OH moieties pointing out of the
amylose or above the equatorial hydroxyls. As shown in Figure 6b, the polar hydroxyl site
of H06 was found to interact more with water molecules due to its flexibility and less steric
hindrance as compared to other sites.

@) ®)

10 12

amylose-waler
coord. number

LEE

08~

074

06~

0.5

gin)

04 4

03«

024 0.2 —— HO2-watar

—— HOZ-water
= HDG-water

01

oo T T T T T T T T T T T T T T
0.00 025 0.50 075 1.00 128 1.50 1.78 200 .00 025 .50 0TS 1.00 125 1.50 175 200

r (nmj) r (nm)

Figure 6. Center-of-mass radial distribution function (COM-RDF) of water molecules around the
amylose structure (a) and specific COM-RDF of a hydrogen atom in amylose toward water molecules’
interaction (b). The g(r) represents the probability of finding an atom or molecule around a distance r
of another chosen atom or molecule as a reference point.

The average number of intermolecular hydrogen bonds between amylose and water
molecules was determined from a production simulation trajectory. Based on the trajectory,
a hydrogen bond is considered to exist in one conformation, provided that the distance
between the hydrogen atom and the acceptor is less than 0.135 nm, and the angle formed
by the acceptor—donor hydrogen is less than 30° [43—45]. In this study, the average number
of hydrogen bonds calculated from the molecular dynamic (MD) simulation is 13, and
this non-bonded interaction was expected to exist due to the polar OH group of amylose
that provides sites for the hydrogen bond donor and acceptor. Most of the time, it can be
assumed that the amount of hydrogen bonding was maintained throughout the simulation.

The number of density maps for water molecules residing in a polymeric cavity of
amylose was obtained by scanning the axial space to compute the density distributions.
The density distributions were projected onto the x-y plane and the simulation time was
averaged for 2 ns. Based on the density maps shown in Figure 7, it was observed that the
molecules were able to penetrate the amylose complex by splitting into smaller conglomer-
ates, as indicated by the orange region. In addition, these density maps further confirm that
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the water molecules dissociated with the solvent as they interacted with amylose chains,
thus reducing the hydrogen bonds among the amylose molecules.
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Figure 7. Density maps (number of molecules/ nm?) showing (a) water molecule distributions and
(b) amylose at P = 1.0 bar and T = 198.15 K (in the interlayer at d = 001 spacing) for the amylose-H,O
system. The results were obtained by averaging over 2.0 ns of simulation time.

3.3. Physiochemical Properties of S-SAP

The physicochemical properties S-SAP were studied using the FESEM, EDX, XRD and
DSC analyses, as presented in Figure 8. Based on the micrograph shown in Figure 8a, it
was observed that the morphology of S-SAP displayed continuous agglomeration of loose
particles of homogeneous S-SAP. Based on the loose structure, it can be noted that the foam-
ing process of the starch slurry assists in improving the SAP’s absorption characteristics.
This finding is also in a good agreement with those reported by Saha et al. (2020) [46], in
which the grafting of a compound onto the smooth and tight surface of the poly(acrylic
acid) derivatives led to a heterogeneous and loose structure with several cavities present in
the starch.

The elemental composition in the S-SAP was characterized using the EDX spectroscopy
in Figure 8b. The successful formation of poly(methacrylic acid-co-sodium methacrylate)
in the grafted S-SAP can be proven by the structural composition, as part of the methacrylic
acid was neutralized after the addition of NaOH to form sodium methacrylate. The EDX
analysis detected the presence of elements C, O and Na, with 52.3, 30.2 and 17.5 wt.%,
respectively. These corresponded to the chemical composition of S-SAP, namely starch
g-poly(methacrylic acid—co—-sodium methacrylate). The diffraction pattern illustrated in
Figure 8c shows that S-SAP was highly amorphous based on the appearance of wide and
broad diffraction peaks. In Figure 8c, the appearance of wide and broad peaks at 26 of
31.5° suggests that the prepared S-SAP was in an amorphous phase. In addition, the wide
and low intense peaks at 20 of 17° indicate the disappearance of the crystalline phase of
starch [46]. The lack of intense sharp peaks suggests that the crystalline phase of starch was
completely replaced during the graft polymerisation process, which involved gelatinization
and the addition of poly(methacrylate-co-sodium methacrylate) blocks.

The thermal stability and glass transition temperature (Tg) of S-SAP was studied using
differential scanning calorimetry (DSC). The thermogram for SAP shown in Figure 8d
was obtained using DSC that ramped up to 400 °C and a heating rate of 10 °C/min. As
depicted in Figure 8d, the curves show three characteristic stages which denote the glass
transition, melting and fusion of crystallite. The Tg occurred at 131.59 °C, followed by two
endothermic curves which corresponded to endothermic transition at a peak temperature
of 183.29 °C, and the fusion of crystalline at 274.23 °C with enthalpy of 889.19 J/g and
3.31]/g, respectively. Figure 8d illustrates that the first endothermic curve in the DSC
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Imtensity (a.u)

thermogram can be classified as an endothermic transition, which can be associated with the
decreasing heat capacity of the sample. Moreover, weight loss was due to the loss of water
that was tightly bound to the starch. Furthermore, the second endothermic peak, observed
at 274.23 °C with enthalpy of 3.31 J /g, was detected as the fusion of crystallite, in which
disintegrated S-SAP changed into small flakes and could be fused and combined together.
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Figure 8. Analysis of S-SAP showing (a) FESEM micrographs at 20.0 k magnification, (b) EDX spectra
for elemental composition of S-SAP, (c¢) XRD diffractogram, and (d) DSC thermogram.

The FTIR analysis was performed to identify the bonds and functional groups in the
S-SAP ranging from 4000 to 650 cm 1. For comparison purposes, the FTIR analysis was also
determined for methacrylic acid, starch, and poly(methacrylic acid-co-sodium methacry-
late), along with SAP, to confirm the grafting of starch into poly(methacrylic acid-co-sodium
methacrylate). Based on Figure 9, the peak observed at 1690 cm ! in the methacrylic acid
spectrum and at 1642 cm~! in the SAP spectrum corresponded to the stretching vibration
of the COOH group, thereby confirming the presence of poly(methacrylic acid-co-sodium
methacrylate) in S-SAP. Meanwhile, the peaks at 1632, 1532, and 1541 cm ! for the sample
of methacrylic acid, poly(methacrylic acid-co-sodium methacrylate) and S-SAP, respectively,
were attributed to C=C stretching vibrations [47]. Although the characteristic peaks of
semi-crystalline pure starch around 1200-800 cm~! had weakened, they were still present
in SAP, confirming that the starch had grafted onto the poly(methacrylic acid-co-sodium
methacrylate) networks.
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Figure 9. FTIR spectra of (a) methacrylic acid (b) starch (c) poly(methacrylic acid- co-sodium methacry-
late) and (d) S-SAP.

3.4. The Performance of S-SAP

The absorption properties of the S-SAP were investigated to determine the maximum
absorbed water capacity and the performance of the polymeric materials. Figure 10 shows
the absorption properties of S-SAP in both distilled water (as control) and solid waste
sludge based on the differences in absorbance over time. As shown in Figure 10a, the water
absorbency of S-SAP composite reflects three stages. The first stage (0-80 min) showed
a rapid increase in the amount of water with time, while the second stage (80-160 min)
revealed a decreasing absorption of distilled water by the superabsorbent. The final stage
(165-180 min) depicted the absorbency almost in an equilibrium state, as no increase in
water absorbency over time was recorded. The water absorbency of the S-SAP reached 500%
after 80 min, but the absorption decreased subsequently and gradually in the second stage,
i.e., from 500% to 100% for another 80 min (80-160 min) before reaching the equilibrium
state at 0%.
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Figure 10. Difference in absorbency, Qwater, of water versus time for (a) distilled water and (b) solid

waste sludge.

The rapid absorption of water in the first stage was due to the presence of numerous
free OH groups in the polymeric network of the superabsorbent that are capable of forming
hydrogen bonding with water. In the second stage, the OH group in the polymeric network
was almost fully bonded with the free water molecules and thus was unable to absorb more
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water. This resulted in a decrease in the absorption efficiency of SAP. In the third stage,
as all the OH groups in S-SAP were fully bonded to the water molecules, no hydrogen
bond with water could be formed. Therefore, 0% of absorbency was plotted because the
saturation point equilibrium was already achieved [48].

Figure 10b shows the absorption properties of S-SAP in solid waste sludge. The
first stage of the absorption trend demonstrates that the amount of wastewater absorbed
was increasing steadily up to 195% over 6 days. Compared to the absorption in distilled
water, the absorption trend of wastewater from sludge was slower, since S-SAP absorbed
the entrapped wastewater from damp sludge for the absorption to happen. In addition,
the increased ionic strength of the wastewater due to its basic pH also caused a rapid
decrease in ion osmotic pressure, which contributed to the slow uptake of wastewater from
damp sludge by S-SAP. Based on the absorption trend of wastewater from the solid waste
sludge, it is expected that the absorption of wastewater from sludge will continue until the
saturation point of the S-SAP reaches 500%.

A preliminary study using the XRF spectroscopy was conducted to determine the
efficiency of S-SAP in absorbing metal contaminants from solid waste sludge, as shown in
Figure S2. The results show the dominant proportion of Na metal, with a concentration of
951000 ppm; this can be attributed to the sodium methacrylate at the end of the structure in
SAP. In addition, ten metal elements were also detected alongside Na: Zn, Al, Si, S, CL, K,
Ca, Fe, Cu, and Zr. The preliminary results show that all the absorbed metals are positively
charged, revealing that the absorption process occurred due to the electrostatic attraction
between the positive metal ions and the negatively charged functional groups abundantly
found in the S-SAP. The specific concentrations and details on the removal mechanism of
the respective elements will be described elsewhere.

Figure 11a illustrates that the swelling of S-SAP occurred via two-stage processes of
rapid swelling and steady-state/equilibrium state. During the rapid swelling process, the
swelling ratio of S-SAP increased steadily at 160 min up to 77 g/g. At 160 min and above,
the swelling ratio showed no changes, indicating that the maximum swelling capacity was
achieved. The high swelling ratio of S-SAP observed early in the reaction can be explained
through the available vacant area in the polymeric network that enables rapid penetration
of the solvent into the superabsorbent. Therefore, the swelling ratio increased until the
maximum capacity was achieved. Additionally, when a dry hydrogel is in contact with
thermodynamically compatible solvent molecules, it will attack the hydrogel surface and
penetrate into the polymeric network of the S-SAP [49]. More specifically, the expansion of
the rubbery phase’s network resulted from the separation of the unsolvated glassy phase
from the rubbery hydrogel region with a moving boundary. Hence, the vacant area was
created during the expansion of the networks of the rubbery phase, thus enabling the
molecules of solvent to enter the superabsorbent network.

Upon reaching the second phase (>120 min), the void in the polymeric network of
S-SAP was almost filled with solvent molecules and completely filled when the saturation
point of the S-SAP was reached (160 min). The stable three-dimensional structure of the
prepared S-SAP resulted in a low swelling ratio, which was caused by high crosslinking
density of the polymers. In particular, a higher concentration of crosslinkers produces a
large number of growing polymeric chains that generate an additional network. Conse-
quently, this results in a decreased swelling ratio when the crosslink density exceeds a
certain degree, due to the decrease in space between the crosslink branching. However, the
highly crosslinked S-SAP has a higher dry-state gel strength and can maintain its shape
even after modest pressure. Ironically, the S-SAP does not have a good re-swelling capacity,
which may be attributed to the irreversible collapse of the S-SAP during the re-swelling
process at 110 °C for 90 min, in which the collapsed polymeric network suggests a low
mechanical property.
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Figure 11. S-SAP performance for (a) swelling ratio (q) over time and (b) water retention at different

temperatures, (c,d) swelling kinetics.

The ability of the superabsorbent to retain water content at a certain temperature was
investigated by a water retention test. The test was performed by heating the swollen-
S-SAP at different temperatures. The water retention capacity of S-SAP is presented in
Figure 11b. The results show that the swollen superabsorbent has a decreasing tendency
to retain water with increasing temperature. During the absorption process, the combi-
nation of the polymeric network of S-SAP opening up and the water molecules from the
surrounding sticking up to it by forming hydrogen bonding causes the solid surface of the
superabsorbent to become thicker and more viscous, thereby making the appearance of the
superabsorbent sticky and swollen.

However, the hydrogen bonding formed between water molecules and the polymeric
network is disrupted when the swollen polymer is exposed to high temperature. About
70% of water could be held at 60 °C after 5 h of the water retention test. Likewise, about 48%
and 16% were retained at 70 °C and 80 °C after 5 h of heating. This shows that the S-SAP
can hold water upon heating at 5 h, and implies that the superabsorbent possesses a good
water retention ability and stable polymeric network even after the oven heating process.
Moreover, the hydrogen bonding formed by the surrounding distilled water molecules
with superabsorbent did not break down during the process. When the absorption process
was conducted at humid temperature, the water would not easily release, even after being
absorbed by the superabsorbent.

According to previous works, the swelling behaviour of S-SAP was evaluated by the
pseudo-second-order swelling kinetics model using Equation (3), and the Ritger-Peppas
model using Equation (4):

t 1 t

i 4+ — 3

9 ke g ©
InF=Ing; —Ing, =lnk+ nint 4)

where g, (g/g) is the water absorbency at equilibrium and g; (g/g) is the water absorbency
at time t. While k, (g'-mg~! min~!) is the rate constant, F is the fractional uptake at time ¢,
n is the swelling exponent, and k is the structural parameter.

As shown in Figure 11c, the relationship between % and t can be considered linear,

with a satisfactory correlation coefficient (R% = 0.9895). The swelling kinetics of the S-SAP fit
well with the pseudo-second-order relationship. Figure 11d shows an acceptable correlation
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coefficient of the Ritger—Peppas model which is almost comparable to similar works [49,50].
Based on this result, the chemical interactions via chemisorptions on S-SAP dominate the
water absorption process.

In the case of high temperature heating at above 90 °C, the water retention value was
negative, suggesting that the water released by heating is more than the absorbed water.
This could be due to the partial vaporization of water content from the dry superabsorbent,
along with the absorbed water upon 5 h of heating. Water molecules start to vaporize as
they reach the boiling point of water. It should be noted that high temperature provides
high kinetic energy to water molecules to break down the hydrogen bonding. In addition,
the synthesized S-SAP could retain more than 50% of distilled water after 5 h of heating at
60 °C. For reusability, it is possible to determine the most suitable temperature for carrying
out the desorption process and removing the water content from the S-SAP based on
this information.

4. Conclusions

In summary, a new approach of using S-SAP for cost-effective solid waste sludge
remediation is presented in this work. Firstly, the S-SAP was successfully prepared via
graft polymerisation of poly(methacrylic acid-co-sodium methacrylate) as a monomer on
the starch, using MBA as the crosslinker and APS as the radical initiator. The structural
analysis showed that starch granules are semi-crystalline, as confirmed based on the XRD
patterns. On consecutive addition of water to starch, the FTIR measured an intensified
bending mode of H-O-H, suggesting water penetration into the starch polymer networks.
Furthermore, the MD simulations assessed the formation of hydrogen bonding between
starch and water on the polar hydroxyl site of H06 of amylose due to its flexibility and
less steric hindrance as compared to other sites. Meanwhile, the DFT and MD simulation
analyses showed that the starch backbone is highly capable of absorbing water efficiently
into its polymeric network. Based on the MD simulation, the specific RDF atom-molecule
interaction in the amylose backbone was able to record a high degree of water penetration
into the S-SAP. By using DFT, the presence of hydrogen bonds can be confirmed by the
changes in the value of Mulliken charge of atom O11. To support the simulation findings,
the water retention of S-SAP was evaluated according to pseudo-second-order kinetics for
chemisorption reactions.

The FESEM showed that the morphology of S-SAP possesses a continuous agglomera-
tion of loose particles of homogeneous polymeric networks. Meanwhile, as confirmed by
FTIR, the successful grafting of starch onto the PMA network might have decreased the
crystallinity of semi-crystalline starch. The low crystallinity of S-SAP is in agreement with
the XRD analysis. Absorption studies using water have shown that the S-SAP was capable
of absorbing distilled water up to 500% (i.e., the saturation point) within 80 min. With
respect to the absorption of water from solid sludge, the high amount of water absorption
(up to 195%) and the significant water retention capacity were measured. In future, the
S-SAP might have many potential applications as a low cost natural superabsorbent with a
high water retention capacity, based on the presented water—polymer interaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15061471/s1. Figure S1 DFT analysis on (a) H-bond of
O11 with H111. The Mulliken Charge of amylose without (b) water and (c) with water. Figure S2
XRF spectra for absorption of metals contaminants from sludge by NSS using (a) RX9 source, (b) Cu
source, and (c) Mo source.
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Abstract: Poly(lactic acid) (PLA) is considered the most promising biobased substitute for fossil-
derived polymers due to its compostability, biocompatibility, renewability, and good thermome-
chanical properties. However, PLA suffers from several shortcomings, such as low heat distortion
temperature, thermal resistance, and rate of crystallization, whereas some other specific properties,
i.e., flame retardancy, anti-UV, antibacterial or barrier properties, antistatic to conductive electrical
characteristics, etc., are required by different end-use sectors. The addition of different nanofillers rep-
resents an attractive way to develop and enhance the properties of neat PLA. Numerous nanofillers
with different architectures and properties have been investigated, with satisfactory achievements,
in the design of PLA nanocomposites. This review paper overviews the current advances in the
synthetic routes of PLA nanocomposites, the imparted properties of each nano-additive, as well as
the numerous applications of PLA nanocomposites in various industrial fields.

Keywords: poly(lactic acid) (PLA); nano-additives; nanocomposites; synthesis; properties; applications

1. Introduction

Industrial plastic production was started at the beginning of 1950, and today it is
estimated that about 8.3-9.1 million metric tons (Mt) of plastics have been globally pro-
duced [1]. Most of these are used in packaging materials (>50%), and are light and very
difficult to be recycled; thus, the 79% of produced plastics are discarded in landfills or
accumulate in the environment [2]. Most commercially produced plastics are fossil-based
materials, are very stable, and degrade slowly in the environment, mainly owing to UV
irradiation from the sun, forming fragments of different sizes. With sizes ranging from
1 pm to 5 mm, called microplastics (MPs), they have been recognized in the last 10-20 years
as the main threat to living microorganisms [3-5] and human health, and can be found
in oceans, sediments, rivers, and sewages [6,7]. Fears concerning the effect of MPs in
living organisms has lead scientists and companies working with polymers to focus their
research activities on the production of eco-friendly plastics that could be degraded in
the environment without harmful by-products by substituting them with nondegradable
fossil-based plastics. Thus, biodegradable and biobased polymers have garnered huge
interest in recent decades as an alternative solution to the growing demand for single-use
petroleum-based conventional polymers [8].

The ever-growing global concern regarding the environmental impacts and raising
awareness towards issues such as global climate change and plastic waste management
has led consumers, and in turn fuelled industries and governments, to adopt a more
sustainable approach [9]. Many waste management solutions, such as reusing, reducing,
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composting, and recycling, have contributed to a decrease in white pollution (i.e., single-
use plastic contaminating the environment, reaching nature, oceans, and landfills), and
the development of biodegradable polymers has been a favourable change, since they
can be recovered through recycling and composting. In this regard, PLA has been the
frontrunner in (bio)polymers since it presents a potential solution to the waste disposal
problem [10,11]. Lactic acid (LA) is the precursor to PLA and can be obtained by the
fermentation of renewable resources such as corn, cassava starch, and potato [12].

PLA, a linear aliphatic polyester, exhibits a lot of attractive properties and thus is
facilitated in numerous commercial sectors [13,14]. Its excellent barrier to flavor and good
heat sealability have increased its usage in the food packaging field, while its appealing
mechanical properties, high clarity, and ease of processing have expanded its utility in
medical, automotive, textile, and agriculture areas [15,16]. In addition, it is renewable,
compostable, and carries a relatively low cost [11]. PLA can be also degraded slowly in
the environment since is not a biodegradable polyester but a compostable, leading to the
production of microplastics. From several toxicity studies it was found that PLA MPs did
not show any significant effects on plants and soils [17], while in the case of the human
body, PLA is a safe biopolymer, since it is used extensively in medical and biomedical
applications [18]. It can be slowly degraded in the human body, producing non-toxic
fragments such as lactic acid [19].

In spite of these advantages, PLA also presents some drawbacks such as fragility,
high permeability to gas and vapor, low melt strength, and thermal stability, while its
degradation rate is slower compared to other common natural organic wastes, such as food
and yard waste. This results in a significant limitation in its acceptance into industrial food
and yard composting facilities and generally in its widespread use [20]. Due to the signifi-
cant improvement observed in hybrid PLA nanocomposites, even at very low nanofiller
loadings, many investigations have been carried out concerning this matter [21,22]. Hybrid
nanotechnology has created a new revolution in the area of material science, developing
the most high-tech advanced composites for future applications. At least one particle in
the nanoscale dimension is included in the nanocomposites. The addition of nanoparticles
(NPs) demonstrates remarkable enhancement in thermal, mechanical, physical thermo-
mechanical properties due to better distribution, a highly specific ratio, and effective
polymerfiller interaction [8].

Various nanoparticles have been used for the development of PLA-based nanocompos-
ites. Among them, clays, carbon, bioglasses, metals, and natural nanomaterials are the most
common [23-25]. This paper provides a comprehensive overview of the state-of-the-art
PLA nanocomposites, including past and recent achievements that could influence future
research and industrial applications. It presents information about the synthesis of PLA
nanocomposites and the effect of nanomaterials on the morphology and physicochemical
properties (mechanical, thermal, biological, electrical, biodegradable properties, etc.) of the
final materials [26].

2. Synthesis of Nanocomposites

PLA nanocomposites are generally produced by means of three main techniques,
namely in situ polymerization, solution casting, and melt mixing processing, and to a lower
extent by electrospinning and additive manufacturing. Figure 1 overviews the different
preparation methods for the incorporation of various nano-additives into the PLA matrix.

2.1. In-Situ Polymerization

In-situ polymerization involves the dispersion of nanoparticles in a liquid monomer
or monomer solution followed by polymerization, accomplished with the help of heat,
radiation, or suitable initiators [27]. This process can be used to synthesis polymer nanocom-
posites under controlled conditions in order to produce materials with known and homo-
geneous compositions as well as with covalently bond formation between nanoparticles
and the polymer matrix [28,29]. It has been proven by several studies that the in-situ
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polymerization assists in raising the interparticle spacing, achieving uniform dispersion of
nano-reinforcements in the selected polymer matrix. Moreover, it controls the nanoparti-
cle exfoliation, even at higher concentrations with a lesser chance of agglomeration [11].
Additionally, during the synthesis of PLA nanocomposites via in situ polymerization,
covalent bonds between the growing polymer chains and the active groups of nanoparti-
cles are formed, enhancing the PLA properties [15,27]. Manju et al. [30] reinforced PLA
with sepiolite nanoclay via in-situ polymerization and obtained agglomerate-freed bio-
nanocomposite even at higher loading of the silicate (7 wt.%). The melting point of the
PLA was increased on incorporation of the clay due to homogenous dispersion attained by
the excellent interaction of C-O of PLA with the clay’s Si-OH groups [15]. Yang et al. [31]
synthesized poly(L-lactide) (PLLA)-thermally reduced graphene oxide (TRG) via the in-situ
ring-opening polymerization of lactide, with TRG as the initiator. They proved that the
chemical interaction between PLLA and the TRG sheets was strong enough to increase the
nucleation rate and the overall crystallization rate of the PLLA. Song et al. [32] grafted PLA
covalently with the convex surfaces and tips of the multi-walled carbon nanotubes with
carboxylic functional groups (MWCNTs—-COOH) via in situ polycondensation. PLA was
grafted on MWCNTs—COOH, which acted as an initiator, and the TGA results showed that
the grafted PLA content could be controlled by the reaction time.
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Figure 1. Synthetic routes employed for the preparation of PLA nanocomposites.

2.2. Solution Casting

In this technique, a solution of the polymer in a suitable solvent is mixed with a
dispersion of the nanoparticles in the same or a different solvent. In the production of
PLA nanocomposites, the solvent is usually used to pre-swell the nanofillers and the
dispersion of the swollen nanofillers is mixed with the PLA solution. The sonication
method is often practiced, aiding in the dispersion of nanofillers [33]. When the solvent is
evaporated, the adsorbed polymer on the swelled nanofillers will reassemble, sandwiching
the polymer to form nanocomposites. The solution method is an effective fabrication
technique for nanocomposites due to the ease of processing nanoparticles in solvent,
and it can be mainly used for nanoparticles that are thermally sensitive and degrade at
high temperatures. On the other hand, in a practical sense, the solution intercalation
approach is unattractive as a result of the use of organic solvents, and the polymer may
be less serviceable as a result of the traces of solvent that could contaminate it [9,15,27].
The solution casting method is the conventional method for manufacturing PLA /TiO,
nanocomposites. Feng et al. [34] fabricated PLA /TiO, nanocomposites, using different
organic solvents and dissolution conditions. Specifically, PLA was dissolved in a chloroform
solution, and magnetically stirred at 40 °C until complete. Then, 2 wt.% TiO, were dissolved
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in absolute ethanol to obtain five different nanocomposites. After ultrasonic dispersion
for 60 min, the mixture was slowly added dropwise to the stirred PLA solution. The
results showed that the maximum tensile strengths of the nanocomposites were achieved.
Moreover, the incorporation of TiO, significantly decreased the water vapor transmittance
rate of the nanocomposites while improving the water solubility. Fu et al. [35] employed
citric acid-modified nanoclay to enhance PLA through solution casting to fabricate a shape
memory nanocomposite. They showed a considerable restriction in the PLA chain segment,
which supported an anisotropic force required in shape recovery. The grafted citric acid
on the clay and ester groups of the PLA provided good affinity, being responsible for the
shape memory property.

2.3. Melt Mixing

Melt mixing is a technique wherein a high temperature, higher than the melting point
of the PLA, under the shear force is applied to the mixture of PLA matrix with nanofillers to
prepare nanocomposites with the objective of obtaining well-dispersed nano reinforcement.
However, it requires a pre-drying process of PLA granules as PLA has a high sensitivity to
moisture [36].

This process presents significant advantages over solution casting and in situ inter-
calative polymerization methods. It supports a high volume of bulk polymer, requires
no solvent/chemical, and carries a relatively low cost, faster than the solution and in
situ polymerization and with the least environmental impact. Moreover, this method is
compatible with processing techniques such as injection molding and extrusion, which
is used in the polymer industry. Nevertheless, melt mixing subjects PLA to some level
of degradation due to applying elevated temperature and mechanical shear during the
process [37]. Melt blending has been widely used to prepare PLA /nanoclay composites.
Ray et al. [38] prepared PLA nanocomposites containing 3, 5, and 7 wt.% OMMT (MMT
modified with octadecyl ammonium cation), in a twin screw extruder (TSE), which was
then converted into 0.7-2 mm thick sheets for characterization studies. On the other hand,
this method is unsuitable for PLA /graphene nanocomposites since the pristine graphene
has a tendency to agglomerate in the polymer matrix, unlike the other preparation routes of
PLA/graphene nanomaterials that include in situ intercalative polymerization and solution
intercalation [39]. Stacking occurs due to the large ratio of surfaces of graphene sheets
in relation to their thickness, which yields significant van der Waals forces and a strong
interaction between single sheets of graphene. The physical and chemical properties of
such graphene aggregates are similar to the properties of graphite with relatively small
surface areas [40]. The preparation of polymer-based nanocomposites has become a great
challenge in obtaining a good distribution of the nano-reinforcement. Nonetheless, as
for graphene or graphene oxide, the formation of bundles is not a problem, although the
inclination of incomplete exfoliation and restacking can occur. The graphene functionalized
through modification is preferred for melt intercalation [27]. This has been supported by
Murariu et al. [41], who produced PLA with commercially available expanded graphite.
The expanded graphite nanofiller yielded PLA composites with competitive functional
properties such as high rigidity, with the Young’s modulus and storage modulus increasing
with the nano-additives’ content.

2.4. Electrospinning

Recently, PLA fibers have been developed to be applied in the textile industry, for
medical applications such as tissue engineering, and in food packaging applications. PLA
nanofibers fabricated with the electrospinning method present a higher surface area and
porosity than regular fibers and are applied to covering filtration systems, sensor assembly,
tissue scaffolds, and protective clothing. In this method, the choice of solvent and the
concentration of polymer and incorporation of nanofillers in the process affect the melt
or solution spinning and thus the morphologies of the fabricated fibers and pores [42].
Melt spinning and solution spinning are traditional processes of PLA fiber fabrication but
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are mostly limited to fiber diameter on a micro-scale, which is a constraint to further PLA
applications. Another drawback of these processes is that some active components such
as anti-bacterial and antioxidant ingredients are thermolabile, which makes conventional
melt processing unsuitable for preparing such nanocomposites [43]. On the other hand,
electrospinning is a promising and versatile technique for producing multifunctional
nanosized PLA nanocomposite fibers through the application of high voltage to viscoelastic
polymer solution/melt with varying nano-reinforcements. The electrospinning machine
set-up can be a single-nozzle or multi-nozzle type [44,45]. This technique can produce fibers
with diameters ranging from the nanoscale to the submicron scale, which are typically one
to two orders of magnitude lower than those of traditional solution-spun fibers. Specifically,
Touny et al. [46] fabricated PLA/HNT nanocomposite fibers via electrospinning and the
average diameter of the fibers spun was 230-280 nm. Shi et al. [47] produced PLA /cellulose
nanocrystals (CNC) electrospun fibers and they found that PLA nanocomposite fibers with
1 wt.% CNC-loading was 1 um while they decreased to 642 and 405 nm at 5 and 10 wt.%
CNC-loading levels, respectively. In another work, Liu et al. [48] fabricated electrospun
PLA/GO and PLA/nHAp fibers and they proved that the addition of 15 wt.% nHA in the
PLA matrix produced fibers with a 563 4= 196 nm diameter size, while the incorporation
of 3 wt.% GO decreased the diameter of the composite fibers to 412 & 240 nm. The PLA
nanofibers fabricated with the electrospinning method also present a higher surface area
and porosity than regular fibers and are applied to covering filtration systems, sensor
assembly, tissue scaffolds, and protective clothing. In this method, the choice of solvent
and the concentration of polymer and incorporation of nanofillers in the process affect
the melt or solution spinning, and thus the morphologies of the fabricated fibers and
pores. PLA nanocomposites have also been used to fabricate nanofibers via electrospinning;
however, some researchers have experienced difficulty in the homogeneous generation of
nanocomposite fibers due to the difficulty of nano-additives’ dispersion in the PLA matrix
as a result PLA nanocomposites not being able to be electrospun.

Kim et al. [49] used an extremely fine hydroxyapatite powder, which was prepared
using the sol-gel process, to improve the dispersion of the ceramic powder within the PLA
matrix during electrospinning. Zhang et al. [50] ultrasonically dispersed ZnO nanoparticles
in a PLA matrix and developed electrospun membranes with enhanced antimicrobial
activity and UV blocking for food packaging applications. Xiang et al. [51] fabricated
PLA /cellulose nanocomposite fibers electrospun at elevated temperatures from solutions
of PLA in N,N-dimethylformamide (DMF) containing suspended cellulose nanocrystals.
They optimized the electrospinning conditions to form PLA /cellulose nanocomposite fibers
with uniform diameters; however, they found that the average fiber diameter decreased
with the addition of cellulose nanocrystals. They also confirmed the presence of cellulose
nanocrystals at the surface of PLA by surface elemental composition analysis.

2.5. Additive Manufacturing

Additive manufacturing (AM) is a very promising and rapid processing method
permitting the manufacture of 3D-printed models or functional parts with complex ge-
ometries [52]. Fused deposition modeling (FDM) is a widely adopted AM technique due
to its simplicity and low material wastage and cost. This process begins by electronically
designing and “slicing” the 3D model of the item in the CAD to be loaded into the Flash-
Print software, which generates the printing path. FDM is an extrusion-based process
wherein material is selectively dispensed via a shaped needle or orifice [53]. The nozzle
temperature has to be set above the melting temperature of the thermoplastic for it to
flow. In a recent optimization study, it was found that the best properties of pure PLA
prints were achieved when the printing temperature was 215 °C. Additionally, the con-
tent of water in the PLA composite filament should be less than 50-250 ppm, otherwise
the presence of larger amounts of water can cause swelling of the filament, which can
block the hot nozzle during the 3D process. However, these characteristics of PLA are
affected by the increasing of different amounts and types of nanofillers. Moreover, the
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morphology of the PLA nanocomposites and the interactions between polymer—polymer
and polymer—nanoparticles affect the final properties of the 3D-printed product [54].

Wang et al. [55] researched the capacity of PLA with nHAp (at a content of 0%, 10%,
20%, 30%, 40%, and 50%) to be 3D printed for medical applications. The results showed that
the PLA/nHAp composite had a stable structure, and the processing of this material was
highly controllable. When the proportion of nHAp was greater than 50%, the composite
material could not pass through the printing nozzle coherently and stably due to its high
brittleness. When the nHAp ratio was less than or equal to 50%, the composite filament
material could be printed by FDM. After applying the 3D printing process of PLA/nHAp
composites, the printed samples with 0% to 30% nHAp could still maintain the integrity
of the structure after the pressure test, which proved that these samples maintained their
elasticity. However, when the n-HA ratio reached more than 40%, the printed sample
became brittle and could not maintain complete shape after compression. In a recent
study by Yang et al. [56], a filament based on PLA /CNTs composites was produced by
the FDM process. The effects of the CNT content on the crystallization-melting behavior
and melt flow rate were tested to investigate the printability of the PLA/CNT. The results
demonstrate that the CNT content has a significant influence on the mechanical properties
and conductivity properties. The addition of 6 wt.% CNT resulted in a 64.12% increase
in tensile strength and a 29.29% increase in flexural strength. The electrical resistivity
varied from approximately 1 x 10'> Q/sqto 1 x 10?> (3/sq for CNT contents ranging from
0 wt.% to 8 wt.%. Three-dimensional PLA-G electrode properties allowed for graphene
surface alteration and electrochemical enhancement in the sensing of molecular targets.
Bustillos et al. [57] fabricated hierarchical nanocomposites fused by deposition modeling
printing using filaments of PLA and PLA-graphene (Figure 2). Enhanced creep resistance
in the PLA-graphene was attributed to the restriction of the polymeric chains by graphene,
caused by low strain rates identified during secondary creep. Three-dimensional-printed
PLA-graphene exhibited a 20.5% improvement in microscale creep resistance as compared
to PLA at loads of 90 mN. Wear resistance was increased by a 14% in PLA-graphene as
compared to PLA.

Figure 2. Top and cross-sectional microstructure of (a) neat PLA and (b) PLA-graphene filaments [57].
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3. Effect of Nano-Additives on PLA/Nanocomposite Properties
3.1. PLA/Metal Oxides

Interest in the investigation of PLA /metal oxides containing nanoparticles has rapidly
grown in recent years because of their numerous properties. Particularly, the design of
metal-containing nanocomposites is a current trend in scientific research due to their high-
potential practical application of antimicrobial and antiviral materials [58]. A series of metal
oxide nanoparticles have been synthesized including silica dioxide (SiO;), titania dioxide
(TiOy), zinc oxide (ZnO), magnesium oxide (MgO), boron oxide (BO), and aluminum oxide
(AL O3). They exhibit a variety of morphologies such as sphere, triangular, star, nanotubes,
nanorods, nanowires, etc. The preparation of polymer-metal oxide nanocomposites with
a nanophase-separated structure requires the homogeneous dispersion of the metal ox-
ide NPs as well as a reduction in the size of the polymer—-metal oxide interface, since it
may alter the physical property of the nanocomposites [59]. Due to a high density and
limited size, metal oxide NPs present interesting results in terms of chemical and physical
properties. In general, properties including thermal stability, toughness, glass transition
temperature, optical, tensile strength, etc. are found to be improved by the formation
of such nanocomposites with PLA. Therefore, these nanocomposites are widely used in
numerous applications, from active surface coating to biomedical applications including
structural materials [13,60]. This chapter provides a general overview of the recent studies
involved in the fabrication of PLA /metal oxide nanocomposites.

3.1.1. Green Synthesis of Nanosized Metal-Oxides

Over the last decade, novel preparation routes/methods for nanomaterials (such as
metal nanoparticles, quantum dots (QDs), and nanofibers and their composites) have been
an interesting field in nanoscience [61]. To obtain nanomaterials of desirable shape, size, and
properties, two different fundamental principles of synthesis are required. Figure 3 illus-
trates the top-down and bottom-up preparation routes investigated in the existing literature.

Nanoparticles are prepared through size reduction, disintegrating from the bulk
material into fine particles in the top-down approach. This route can be accomplished
through physical and chemical methods via lithographic, mechanical milling, sputtering,
chemical etching, pulsed laser ablation, and photoreduction techniques. Still, the major
downside in the top-down approach is the imperfection of the surface morphology. In
the bottom-up approach, also known as the self-assembly approach, the nanoparticle
synthesis relies on wet chemical methods (e.g., chemical reduction/oxidation of metal ions)
and others, such as sol-gel chemistry, chemical vapor deposition (CVD) co-precipitation,
microemulsion, laser and spray pyrolysis, hydrothermal, aerosol, and electrodeposition
methods. In the bottom-up synthesis, the nanoparticles are built from smaller units,
for example, by atomic and molecular condensation. However, they still suffer from
the involvement of potentially hazardous and toxic substances, high-cost investments,
environmental toxicity, high energy requirements, lengthy reaction times, and non-eco-
friendly by-products.

Interestingly, the morphological parameters of NPs may be moderated by varying the
concentrations of chemicals and reaction conditions (e.g., temperature and pH). Nonethe-
less, if these synthesized nanomaterials are subject to the actual/specific applications,
then they can suffer from the following challenges: (i) stability in hostile environments,
(ii) bioaccumulation/toxicity features, (iii) expansive analysis requirements, and (iv) recy-
cle/reuse/regeneration. Nanoparticles prepared using heavy radiations and toxic sub-
stances such as reducing and stabilizing agents are toxic in nature, thus leading to harmful
effects on humans and the environment.

The majority of chemical methods often exploits hazardous reducing agents such as
sodium borohydride (NaBHy), ethylene glycol, hydrazine, and sodium citrate, but they
result in poor control over particle size and size distribution; thus, extra-stabilizing agents
such as ascorbic acid, polymers, ligands, dendrimers, surfactants, phospholipids, and
surfactants are necessary to avoid the agglomeration of nanoparticles. A high thermal
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decomposition treatment then takes place to eliminate the reducing and stabilizing agents
adsorbed on the nanoparticle surface, which may block the active sites of particles, conse-
quently resulting in a decreased surface area and deteriorated reactivity of the products.
Finally, this procedure produces a low yield of the targeted products.
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Figure 3. Top-down and bottom-up approaches for the fabrication of metal-based nanoparticles [62].

Green nanotechnology has developed recently with various processes to restrain
environmental damage by replacing the usage of harmful compounds. More and more
interest has been gained by green extraction of metal oxide NPs in the last decade, owing to
the use of eco-friendly reagents such as microorganisms, fungi, enzymes, leaves, plants, etc.
NPs are synthesized by this eco-friendly synthesis method, which involves a single-step
pollution free method that requires less energy to initiate the reaction and the preparation
time is less when compared to other synthetic routes. The utilization of ideal solvent
systems and natural supplies (such as organic systems) is vital to achieve this aim.

Green synthesis methodologies based on biological precursors depend on various
reaction parameters such as temperature, pressure, solvent/solvents system, and pH envi-
ronment (basic, acidic, or neutral). Biosynthesis is a green synthetic approach that can be
categorized as a bottom-up approach where the metal atoms are arranged into clusters and
eventually into NPs. Amongst the accessible green methods of synthesis for metal /metal
oxide NPs, the exploitation of plant extracts is a rather simple and easy process to pro-
duce nanoparticles on a large scale relative to bacteria- and/or fungi-mediated synthesis
(Figure 4). Moreover, the plentifulness of effective phytochemicals in various plant extracts,
especially in leaves, such as ketones, aldehydes, flavones, amides, terpenoids, carboxylic
acids, phenols, and ascorbic acids, is the main reason for their wide extraction. These
products are most commonly known as biogenic nanoparticles and have the capability of
reducing metal salts into metal NPs.
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Ramanujam et al. [63] extracted MgO NPs using Emblica officinalis fruit extract. The
mean size of MgO NPs was found to be 27 nm. Ashwini and his group [64] conducted
a study upon extracting MgO NPs using aloe vera. The average size of obtained MgO
nanoparticles was found to be 50 nm.

M ke
Industrial Waste| Bacteria |

Metal-oxide NPs with
various morphologies

Figure 4. Biological resources for the green synthesis of metal-oxide NPs [65].

Sankar et al. [66] effectively synthesized TiO, nanoparticles e from the aqueous leaf
extract of Azadirachta indica with an average size of 124 nm. TiO, NPs using extracts of
Echinacea purpurea Herba were biosynthesized using an aquatic solution of Echinacea
purpurea herba extract as a bioreductant by Dobrucka [67]. The size of the TiO, nanopar-
ticles was found to be in the range of 120 nm with a spherical size and the presence of
agglomerates. The eco-friendly synthesis of TiO, NPs using different biological sources are
summarized in Table 1.

Table 1. Varying sizes of spherical TiO, NPs from different biological sources.

Biological Source Size of NPs References
Azadirachta indica, leaf extract 124 (average) nm [66]
Aeromonas hydrophila, bacterium 28-54 nm [68]
Annona squamosal, fruit peel extract 23 nm [69]
Bacillus amyloliquefaciens, bacterium 15-86 nm [70]
Euphorbia prostrata, leaf extract 83.22 nm [71]

Saraswathi et al. [72] biosynthesized ZnO NPs mediated by the leaves of Lagerstroemia
speciosa with an average particle size of 40 nm (Figure 5). Interestingly, the obtained NPs
had a spherical shape at 200 °C and were rod-shaped at 800 °C (Figure 6).
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Figure 5. Biosynthesis of ZnO NPs using L.specioca leaves [72].

Figure 6. SEM analysis of ZnO-NPs: (a) 200 °C (spherical shape) and (b) 800 °C (nanorods) [72].

Yuvakkumar et al. [73] reported for the first time the sustainable biosynthesis of
ZnO nanocrystals employing Nephelium lappaceum L. peel extract as a natural ligation
agent. Green synthesis of zinc oxide nanocrystals was carried out via zinc-ellagate complex
formation using rambutan peel wastes. The green syntheses of ZnO nanoparticles using
various biological supplies are summarized in Table 2.

Table 2. Green synthetic sources of varying sizes of spherical ZnONPs.

Biological Source Size References
Jacarandamimosifolia, flow erextract 2-4 nm [74]
Ruta graveolens, stem extract ~28 nm [75]
Moringa oleifera, leaf extract ~6-10 nm [76]
Polygala tenuifolia, root extract 33.03-73.48 nm [77]
Sechium edule, leaf extract 36.2 nm (mean) [78]

Rahimzadeh et al. [79] described a green synthetic process to obtain SiO, NPs utilizing
Rhus coriaria L. extract and sodium metasilicate (NaSiO3-5H,O) under reflux conditions.
The FESEM images revealed that SiO, NPs are spherical in shape with a minimum degree
of agglomeration, and the NP sizes were between 10~15 nm. Rezaeian and his group
prepared ZnO NPs from olive leaves with an average particle size between 30—40 nm and
spherical in shape [80]. Rahimzadeh et al. [79] in their work synthesized silica NPs via green
synthesis by utilizing leaf biomasses from sugarcane (Saccharum ravannae), weed plants
(Saccharum officinarum), and rice plants (Oryza sativa) via a simple chemical method. NPs
from sugarcane were hexagonal in shape with a 29.13 mean size, particles extracted from
weed plants were spherical in shape with average size of 39.47, and nanoparticles from rice
plants had a spherical shape with an average size of 30.56 nm.

3.1.2. MgO

MgO is a widely available metal-based oxide used for the reinforcement of PLA. It is a
non-toxic alkaline earth metal, reproducible on a large scale, is environmentally friendly,
low-cost, and is available in the form of natural periclase. Presently, MgO is listed as a
generally recognized as safe (GRAS) material by the US Food and Drug Administration
(US-FDA) [81]. Medically, MgO is used for antibacterial purposes, bone tissue regeneration,
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as well as cancer treatment [82]. Leung et al. [83] reported strong antibacterial activity of
the MgO NPs even during the absence of any ROS production. Moreover, the chemical
properties and the high surface area of nanosized MgO expanded its usage in numerous
modern fields. In brief, MgO is an insulator exhibiting a band gap of Eg = 7.8 eV and a
high dielectric constant. The MgO NPs that are fabricated using sol-gel and flame spray
pyrolysis techniques presented high efficiencies in textiles and methylene blue dye removal.
In addition, very fine MgO NPs of Eg = 4.45 eV were prepared via a combustion route using
urea-formaldehyde as fuel [84]. The transition from insulators to semiconductors is due
to the quantum size effects and surface effects in MgO NPs. These effects lead to discrete
energy levels in the band gap, which result in its reduction [85].

3.1.3. ZnO

Zn0O is a naturally occurring oxidic chemical found in the rare mineral zincite that
crystallizes in the hexagonal wurtzite structure P63mc. Metallic zinc is plentiful in the
earth’s crust and creates pure powder. Before the invention of nanotechnology, ZnO was
used in bulk, but later it was also facilitated as a nanosized material for its intended
properties [86]. Nanometric ZnO can appear in various structures. A dimensional structure
consists most extensively of needles, hexagons, nano-rods, ribbons, belts, wires, and
brushes. ZnO can be produced in two-dimensional structures, such as nanoparticles,
nanosheets, and nanoplates. The variety of nanostructures given for ZnO have created
more possibilities in the field of nanotechnology [87].

Amongst various semiconducting nano-scale materials, ZnO is a distinctive electronic
and photonic wurtzite n-type semiconductor with a wide direct band gap of 3.37 eV and a
high exciton binding energy (60 mV) at room temperature [88]. The high exciton binding
energy of ZnO allows for excitonic transitions even at room temperature, which could
mean high radiative recombination efficiency for spontaneous emission as well as a lower
threshold voltage for laser emission. The lack of a centre of symmetry in wurtzite, combined
with large electromechanical coupling, results in strong piezoelectric and pyroelectric
properties, and thus the use of ZnO in mechanical actuators and piezoelectric sensors [89].

Furthermore, ZnO is biosafe and biocompatible and hence may be employed in
biomedical applications without being coated. Statistics showed that approximately
99,000 scientific papers in the period of 2018-2020 were related to the search for new
antimicrobial compounds. About 6% of these papers addressed ZnO-related compounds.
Zn0O is one of the most promising nanomaterials, owing to its excellent antimicrobial
properties, good chemical stability, biocompatibility, optical and UV shielding abilities, low
price, and widespread availability. ZnO NPs exhibit antimicrobial capability against a wide
range of microorganisms such as E. coli, Pseudomonas aeruginosa, and S. aureus, becoming
appealing for various applications such as packaging, textiles, and medicine [90].

3.1.4. TiO,

TiO, or titania is a renowned and extensively studied material due to its excellent
photostability, photocatalytic activity, non-toxicity, safety, chemical stability, outstanding
antimicrobial properties, and significant antibacterial properties [91]. Three distinct phases
or “crystalline polymorphs” of TiO; NPs are found in nature, namely anatase, rutile, and
brookite. Amongst these three, rutile is the steadiest phase, while in contrast, brookite
and anatase are the labile phases at all temperatures. The anatase phase of TiO, NPs is
the most responsive one, in a chemical manner. Both anatase and brookite exhibit the
capability to convert into a rutile phase when heated [92]. Regarding the manufacturing
methods of PLA /TiO; nanocomposites, in the literature, a great variety of methods and
techniques is reported. The conventional one is the “solution casting method”, in which
the nanocomposites are produced by constant dispersion of the NPs in a polymer matrix.
Also frequently employed is the electrospinning technique, which is important for the
surface coating of in situ-produced NPs, particularly on the exterior or in the majority of a
polymer matrix [34] and the “solvent casting method”, followed by a or some hot-pressing
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steps [93]. The “Sol-gel method” serves as a doable method to increase the dispersibility
of TiO, during the film-forming process and to additionally alter the thermal/mechanical
properties and antimicrobial action of biopolymer films. Improving the distribution degree
of metal oxides in a polymer matrix essentially affects the photocatalytic ability as well as
the antibacterial efficacy and mechanical properties [91]. The “Thermally induced phase
separation (TIPS) method” [94], “a spin coating process” [95], melt blending through a
corotating twin-screw extruder [96], and the “breath figure (BF) method” [97] are also
mentioned as potential production methods.

TiO, is the most extensively investigated photocatalyst due to its strong oxidizing
abilities, super hydrophilicity, long durability, chemical stability, low cost, nontoxicity, and
transparency under visible light [98]. In the last 30 years, the photocatalytic efficiency
of nanosized TiO, at degrading organic contaminants in the air and water has resulted
in their utilization in several environmental applications. These include photocatalytic
hydrogen production via water splitting, degradation of organic pollutants in wastewater
photocatalytic self-cleaning, bacterial disinfection photo-induced super hydrophilicity, as
well as in photovoltaics and photosynthesis. Currently, water contamination by organic
compounds, viruses, bacteria, and metals has been highlighted as a major worldwide
problem. In terms of antimicrobial activity, TiO, NPs appeared to be able to eliminate
a broad range of micro-organisms, such as fungi, protozoa, Gram-positive and Gram-
negative bacteria, viruses, and bacteriophages. Numerous techniques have been explored
to remove these pollutants from water, including adsorption and photocatalysis, which
comprise eco-friendly routes [99]. Studies have shown that one of the best ways to utilize
photocatalytic TiO, NPs is to immobilize them onto the surface of polymeric materials.

This excellent photocatalytic ability of TiO, has also enabled its use in food safety
applications, such as packaging materials, cutting boards, conveyor belts, or non-contact
surfaces such as floor, walls, and curtains. In the presence of a UV-A light source, titania
has the capability to produce the transition of an electron towards the conductive band,
supporting the oxidative capacity of other species by generating reactive oxygen species
(ROS) such as superoxide radicals (O-"2) and hydroxyl radicals (-OH) [98,100].

3.1.5. n-Si0,

Advancement in nanotechnology has led to the production of a nanosized silica, SiOy,
which has been widely used as filler in engineering composites. It is often added as a
cementitious material since it can reduce the use of cement due to its reinforcing effect,
as well as accelerate the hydration and alter the microstructure evolution of cementitious
composition [101]. Many scientific works have been conducted regarding the incorporation
of n-SiO; in the PLA matrix due to its numerous properties. Moreover, nano SiO; provides
environmental protection, safe and non-toxic functions, abundant surface groups, a huge
specific area, and a high rigidity and modulus, leading to its wide usage as a cheap but
effective nanofiller for polymers. Moreover, the nontoxic nature, the high thermal and
chemical stability, water resistance, and mechanical properties as well as the important
role in the biomineralization of SiO, render it a biocompatible nanofiller that retains the
biocompatibility of the PLA matrix. In addition, nano SiO; has a white color, so the
composite filament is bright and can be colored with almost any desirable color. Statistics
show that approximately 99,000 scientific papers in the period from 2018 to 2020 were
related to the search for new antimicrobial compounds. About 6% of these papers addressed
metal-related compounds [90].

3.2. Carbon-Based PLA/Nanocomposites
3.2.1. Carbon Nanotubes (CNTs)

In spite of PLA’s advantages, its mechanical as well as electrical and thermal proper-
ties could be further improved so as to expand the application fields. The most effective
way to overtake this disadvantage is the filling of a PLA matrix with the introduction of
nanoscopic dimensions of carbon-based fillers (Figure 7) with a high aspect ratio, such as
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carbon nanotubes (CNTs), carbon nanofibers (CNFs), graphene nanoplatelets, and spherical
nanoparticles. Upon good dispersion in the PLA matrix, such nano-additives have been
found to generate an increase in both the degree and the rate of crystallization, since they
provide additional sites for crystallization; in other words, they serve as additional crys-
tallization nuclei [102-104]. Their excellent mechanical properties, such as high modulus
in the direction of the nanotube’s axis and excellent electrical conductivity that varies
from insulating to metallic and the hollow structures of CNTs, have expanded their us-
age as fillers [105]. The growing interest towards carbon-based nanomaterials, including
CNTs, mainly relates to their intriguing properties as conductive fillers for the fabrication
of electric/electronic devices, for which production volumes have become dramatically
elevated in recent years [106]. CNTs exhibit a highly specific surface area that allows for
low loadings to tune the polymer key properties concerning their mechanical, thermal,
electrical, and biological performance. CNTs that possess a wall structure consisting of a
single graphite sheet closed in a tubular shape are called single-walled carbon nanotubes
(SWCNTs), while those consisting of a plurality of graphite sheets each arranged into a
tubular shape and nested one within the other are named multi-walled carbon nanotubes
(MWCNTs). MWCNTs consist of smaller diameter single-walled tubes inside larger di-
ameter tubes and may vary from a double-walled nanotube to as many as fifty concentric
tubes, exhibiting diameters varying between 2 and 100 nm [107]. They have exceptional
mechanical properties, aspect ratio, electrical and thermal conductivities, and chemical
stability, and hence are considered excellent candidates for the creation of multifunctional
materials [108,109].

Carbon atoms Molecular bonds
~0.142nm

—

Figure 7. Carbon-based nano-additives. Three-dimensional presentation of (a) SWCNTs and
(b) MWCNTs [110]; (c) schematic representation of a graphene sheet [111] and (d) 2D and 3D il-
lustration of the fullerene C60 structure [112].
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3.2.2. Graphene

In the case of graphene, it is naturally derived from graphite, which is composed of a
layer of less than 100 nm and can be divided into sheets (Figure 7c) around 1-2 nm thick.
The physical structure of graphene with its large specific surface area makes it have a better
reinforcing effect than other nanofillers [113,114]. Graphene has high mechanical strength
and electron mobility, and thus may be facilitated as a filler, even at low amounts in a
polymer matrix due to its highly specific surface area and chemical interaction with the
matrix by the formation of strong bonds [115,116]. Due to its two-dimensional arrangement
of sp?-bonded carbon atoms, graphene has been shown to enhance the wear resistance
and reduction of friction. Graphene’s incorporation of polymer matrices has resulted in
composites exhibiting superior mechanical strength while retaining their flexibility, as well
as tailorable thermal and electrical conductivity as a consequence of the generated graphene
network in the matrix [57]. Another form of graphene that can be used as nanofillers
are graphite nanoplatelets (GNPs) or graphite nanosheets (GNS), which also possess
great mechanical, thermal, and electrical properties [117]. The aforementioned fillers of
graphene or its derivatives (graphene oxide, reduced graphene oxide) are utilized in varying
concentrations as fillers in a PLA matrix in order to prepare nanocomposites with enhanced
properties via different techniques [116,118]. Based on the unique properties of graphene,
graphene-based polymer composites are expected to offer enhanced electrical and thermal
conductivity, improved dimensional stability, higher resistance to microcracking, and
increased barrier properties above the matrix polymer [108].

3.2.3. Carbon Nanofibers (CNFs)

Nanosized carbon-based reinforcements such as carbon nanofibers (CNF) into pure
thermoplastic matrices have proven to be valuable for manufacturing polymer matrix
composites with enhanced mechanical performance and functionality. Carbon nanofibers
have a highly specific area, elasticity, and great strength due to their nano-sized diameter.
Concerning CNFs, they are characterized by diameters ranging between 50 and 200 nm,
being different from the conventional carbon fibers that have diameters in the order of
micrometers. Due to the preparation process employed, CNFs possess improved properties,
while they can offer property enhancements similar to CNTs in a more cost-effective
way [103]. Therefore, they are utilized as fillers in order to enhance mechanical and electrical
properties as well as the thermal conductivity of polymers [119]. Critical parameters for
enhancing the mechanical and electrical properties are weight fraction of the filler, filler
length, and its orientation. Overall, carbon-based nanomaterials offer the possibility to
combine PLA properties with several of their unique features [108].

3.2.4. Fullerene

Fullerene is a unique nano-allotropic form of carbon. Similar to carbon nanoparticles
(graphene, carbon nanotubes, nanodiamonds), fullerene has been reinforced in polymeric
matrices [120-123]. Fullerene and derived nanofillers affect the structural, electrical, ther-
mal, mechanical, and physical properties of polymeric matrices. However, the main
encounter in the formation of the polymer/fullerene nanocomposite is the dispersion
and miscibility with the polymeric matrices. Studies have shown that the incorporation
of carbon-based nanofillers with various dimensionalities such as zero-dimensional (0D)
fullerenes offers an effective approach to PLA nanocomposites with synergistic enhance-
ments in the electrical and mechanical properties when exposed to external stimuli [124].
For that reason, polymer/fullerene nanocomposites have been applied in olar cell, super-
capacitor, electronic, and biomedical devices and systems [122].
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3.3. PLA Nanocomposites with Natural Nano-Additives

Currently, amongst the key-priorities of the industry and academic sector is the
replacement of petroleum-derived and unsafe complexes by the increasing inclusion of
natural and green compounds that can be obtained from diverse renewable resources.
To achieve promising results, cost-efficient and eco-friendly extraction methods have
been designed over the years. Once these green alternatives have been isolated, they
are successfully applied to many fields with very assorted aims of utilization such as
coagulants, adhesives, dyes, additives, or biomolecules [125]. 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) [126]. Polyphenols comprise an enormous family
of secondary metabolites that are stored in vacuoles of vegetal cells such as esters or
glycosides. While this family of compounds is vast, they share some mutual properties,
such as the formation of coloured complexes with iron salts, oxidation by potassium
permanganate in alkaline media, and easy electrophilic aromatic substitution-coupling with
diazonium salts and aldehydes [127,128]. Lignin and tannins are considered polyphenols
with high molecular weights. Thus, not only do they possess typical features of the
polyphenols group, but the presence of a large number of hydroxyls provides them with
the ability to create bonds to reach a stable cross-linked association within several molecules,
such as carbohydrates or proteins. This unique characteristic differentiates them from the
common group of polyphenols.

3.3.1. Lignin

Lignin (Lgn) (Figure 8) is the second most abundant natural polymer after cellu-
lose [129] and is found in every vascular plant on earth [130]. It is a biodegradable,
nontoxic, and low-cost macromolecule [131,132] that has generated great interest due to
its multi-functionalities, such as UV resistance, bioactive antibacterial, and anti-oxidation
activities. Commercially, it is easily obtained as a byproduct in the paper and pulp industry.
Its use is also regularly reported in biorefineries and in carbon-fiber manufacturing. Lignin
nanoparticles (Lgn-NPs) have been proven to be beneficial reinforcing materials in poly-
mer nanocomposites, as they enhance their thermal and mechanical properties because
of the aromatic rings, while [129,131] in the PLA case specifically, lignin nanoparticles’
antibacterial and antioxidant activity as well as their UV protection and reduced water
sorption capacity can enhance the final nanocomposites’ performance. Moreover, lignin’s
highly branched polyphenolic structure filled with plentiful functional groups allows for
its chemical modification and polarity adjustment in such a way that lignin derivatives
can be employed in copolymers, composites, and blends for a variety of applications such
as innovative phenolic resins, epoxies, adhesives, and in the packaging industry [130].
Presently, the majority of food packaging materials used worldwide are non-biodegradable
petrochemical-based plastics, which are responsible for polluting the environment. Ap-
proximately 380 million tons of plastic are produced globally every year and around 40%
are used in the packaging industry [133]. This statement has forced researchers to widely
study the incorporation of natural agents such as Lgn-NPs into biodegradable natural
polymers for active packaging. Active food packaging systems involve the direct incor-
poration of natural bioactive compounds with antioxidant and antimicrobial activity in
food packaging materials, which may possibly improve shelf life, ensure the safety of food,
and control undesirable quality variations in the food during storage, transportation, and
distribution [134]. Bioactive PLA-based composites could potentially replace the currently
used plastic films to reduce the menace of environmental pollution and also help in the
valorization of wastes from the food industry.
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Figure 8. Chemical structure of lignin (Major monolignol units are colored: sinapyl alcohol—red,
guaiacyl alcohol—blue, and p-coumaryl alcohol—green) [135].

3.3.2. Tannin

The term tannin (TANN) broadly refers to a large complex of biomolecules of a
polyphenolic nature (Figure 9). Tannins are found in most species throughout flora, where
their functions are to protect the plants or vegetables against predation and might help
in regulating plant growth. They are also used for iron gall ink production, adhesive
production in wood-based industries, anti-corrosive chemical production, as a uranium-
recovering chemical from seawater, and in the removal of mercury and methylmercury
from solutions. There are two major groups of tannins, i.e., hydrolyzable and condensed
tannins. While hydrolyzable tannins are present in few dicotyledons species, the natural
presence of condensed ones is much more abundant; thus, they represent a major and more
valuable source of commercial tannins [136].
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Figure 9. Chemical structure of tannin [137].

Generally, tannins are obtained from natural renewable resources, i.e., plants that
are the secondary phenolic compounds of plants. More specifically, tannins are either
galloyl esters or oligomeric and polymeric pro-anthocyanidins produced by the secondary
metabolism of plants, i.e., synthesized by biogenetic pathways [138]. Condensed tannins,
composed of flavonoid units, are one of the most abundant and sustainable biopolymers in
plants. Their characteristics include antioxidant, antimicrobial, and stabilizing properties
and are attractive for use in polymer materials [139]. Studies conducted in the past have
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shown that tannins exhibit excellent antioxidant and UV-protective properties when in-
corporated in polyethylene [140], poly(vinyl chloride) (PVC) [141], polypropylene [142],
and poly(vinyl alcohol) (PVA) [143]. Until now, the combination of PLA and bio-fillers has
been claimed to be an efficient and beneficial method to produce low-cost biocomposites
with superior characteristics such as flame retardancy, mechanical performance, thermal
stability, and gas-barrier properties. Considering the natural renewable reinforcements
based on polyphenolic materials, lignin and tannins have great potential for the preparation
of PLA nanocomposites to enhance functionality, especially toward bioactivity, whilst both
phenolics act as free radical scavengers and thus as natural antioxidants that are both
UV-resistant and bioactive.

In a recent work, Cresnar et al. [144] prepared two series of PLA-KL and PLA-TANN
at various contents (0.5%, 1.0%, and 2.5% (w/w)) by hot melt extrusion to study their
antioxidant and antibacterial properties. The results showed the accelerated antioxidant
behavior of all PLA-KL and PLA-TANN composites, which increases with the filler content
(Figure 10). Furthermore, the KL- and PLA-based TANN showed resistance to E. coli,
but without a correlation trend between polyphenol filler content and structure. The
water contact angle showed that neither KL nor TANN caused a significant change in the
wettability, but only a minor improvement in the hydrophilicity of the PLA composites.

—&— PLA-0.5 TANN W - PLA-0.5KL]
—e— PLA-1.0 TANN! —-@— PLA-1.0KL
0.50- A= PLA.2 5 TANN 100 0.50 S FUAZ BKL 100
—%—neat PLA —%—neat PLA a2
g 0457 (@) =neapn - 90 0.45- (b) nee k90
= 0.40- - 80 E 040 80
p ~
© 0.354 ATOXOI) F70 5 035 o
] -
3 F60 2 . Leo S
3 0.304 Z g 030] 2
c
® L50 £ g | S0 =
g 0.25- < é: 0.25 £
40
2 0.20- r40 ‘s § 0.20 S
- L3 8 < 548 30 R
0.15 ik
_— ey s ‘—o 10—. = 45 L 20
0.10 £ ~
0.05.] - 10 0.05- -~ ;_ £
- i - 0
0.00 T T T T T T T T
. b = 2 pl P 0 3 6 9 12 15 18 21 24
Time [h] Time [h]

Figure 10. Reaction kinetics and % of inhibition of the PLA-based (a) TANN and (b) KL composites
film evaluated with DPPH radical scavenging in the methanol solution indicated after 24 h [144].

Ainali et al. [145] studied the decomposition mechanism and the thermal stability of
PLA nanocomposites filled with both biobased kraft-lignin (KL) and TANN in different
contents using the melt extrusion method. It was established that the PLA /KL nanocom-
posites exhibit better thermostability compared to pristine PLA, while the addition tannin
had a minor catalytic effect that can decrease the thermal stability of PLA. The calculated
Eo value of the PLA-TANN nanocomposite was lower than that of PLA-KL, leading to
a considerably higher decomposition rate constant, which accelerated the thermal degra-
dation. Cresnar et al. [146] studied the crystallization and molecular mobility of these
composites. It was found that the extremely slow and weak crystallization rate of PLA was
improved by the fillers, via the combined effects of providing sites for crystallization and
moderately enhancing polymer mobility (chains diffusion). Remarkably, the crystal struc-
ture and semicrystalline morphology were found altered in the composites with respect to
the neat PLA. Regarding the segmental mobility of PLA, the addition of both tannin and
lignin was found to impose moderate changes, explicitly, slight acceleration, narrowing
of relaxation times range, and suppression in fragility; however, no systematic changes
in the calorimetric or dielectric strengths were detected. Despite the weak effects, it was
concluded that TANN is more effective, and this seems to correlate with their smaller size
and moderately better distribution as compared to lignin.
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Several of these composites have been successfully applied in the field of food pack-
aging, medical devices, textile sectors, and others, owing to the enhanced compatibility
between hydrophilic biopolymers and the hydrophobic PLA polymer matrix.

3.3.3. Nanocellulose (NC)

Cellulose is a polysaccharide that exists as a linear chain, consisting of repeating
anhydro-D-glucose units covalently linked by 3-1,4-glycosidic bonds [147]. Plants cre-
ate around 75 billion tons of cellulose every year, making this an extremely abundant
material. Nanocellulose (NC), prepared by breaking down cellulose fibers, is one such
biodegradable, renewable nanofiller (biopolymer) that yields a low carbon footprint and
generally refers to nanosized cellulose with a diameter of less than 100 nm and a length
of up to several micrometers. It is considered by experts as a highly promising alter-
native material for petroleum-based products due to its biodegradability, renewability,
eco-friendliness, and nontoxicity. It has been extensively used in diverse fields, such as
fibers and clothes, the paper industry, optical sensors, the food industry, and pharmaceutics,
among many others [148]. The unique characteristics of nanocellulose, such as superior
mechanical properties (strength 2-3 GPa), low density (1.6 g cm~3), highly specific surface
area (200-300 m?g 1), and low thermal expansion coefficient (1 ppm K1), make it an ideal
building block for flexible functional compounds and in outdoor and engineering applica-
tions [149]. Except for improvement in electrochemical performance, nanocellulose-based
composites with green and abundant raw materials are also beneficial for the reduction of
production costs and the construction of environmentally friendly processes.

Lately, NC has been increasingly facilitated in active packaging applications. For
cellulose-derived packaging, three types of cellulose are employed, namely, cellulose
nanocrystals (CNC), cellulose nanofibrils (CNFBs), and bacterial nanocellulose (BNC).
Currently, CNC and CNF are incorporated as reinforcing agents into various biopolymers,
such as PLA, for the preparation of green nanocomposites. NC can synergistically work
with other materials to improve the barrier and the thermo-mechanical and rheological
properties of the nanocomposites. Intramolecular and hydrogen bonding makes cellulose
insoluble in almost all solvents as these bonds produce a great strengthening quality [150].
It has been reported that the films produced from NC can be voluntarily reprocessed and re-
cycled into a packaging film without drastically degrading the properties of the same [151].
The most significant reason behind this would be its carbon neutrality, non-toxic nature,
recyclability, and sustainability. Attributed to the distinctive properties of NC, tunable
surface chemistry, barrier properties, mechanical strength, crystallinity, biodegradability,
non-toxicity, and high aspect ratio, it is a growing credible renewable green substrate in
food packaging applications [152].

3.3.4. Nano-Biochar (n-BC)

Of the state-of-art biofuels, biochar (BC) has exhibited the potential to complement
solid fuel for harvesting bioenergy, while addressing the vital issues associated with the
environment. BC belongs to the category of richly carbonaceous items, and it is derived
from biomasses such as agricultural and forestry wastes, crops, wood, leaves, municipal
sludge, manure, woodchips, and other C-rich materials. Sludge is generated during the
wastewater treatment procedure, which produces a solid waste that needs to be treated
and disposed. Nevertheless, it is a promising feedstock to produce BC due to its rich
carbon content and nutrients such as ammonia [153]. It can be formed through a variety of
treatments such as pyrolysis, torrefaction, and gasification at a wide range of temperatures
(200-700 °C) and times. Depending on the process conditions, biochar can be produced as
either a primary or side product, accompanied by a variable amount of liquid and gaseous
streams (such as bio-oil and syngas). Prior to thermal combustion, biomass is dried, the
particles are further heated, and volatile substances are released from the solid. The volatile
compounds can form permanent gases (such as CO,, CO, CHy4, and H;) or condensable
organic compounds (e.g., acetic acid and methanol). Subsequent reactions in the gas phase
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include cracking and polymerization and can therefore alter the entire product spectrum.
Three products can be distinguished from the resulting material: permanent gases, one or
more liquid phase(s) (water and tar), and a solid residue [154].

The easy availability of feedstock and the inexpensive production of biochar has
made it a material of significance for environmental remediation in recent years [155].
BC presents some advantages over other carbon items (single or multi carbon nanotubes,
graphene, and activated carbon), such as its highly specific surface area, good stability,
abundant functional groups, great carbon stability, and highly porous structure, and thus
it has been used in a wide variety of fields, for example, as a pollutant absorbent and for
biosensors, fuel cell, and supercapacitors [156]. These properties have expanded its usage in
various sectors, ranging from heat and power production, flue gas cleaning, metallurgical
applications, use in agriculture and animal husbandry, as a building material, to medical
use. Attempting to decrease greenhouse gas emissions, BC has gained increasing popularity
lately as a replacement for fossil-carbon carriers in several of these applications [157].

Nano-biochar is naturally formed during the processing of bulk biochar, while its
yield is low (e.g., only ~2.0% in peanut shell-derived biochar). A size reduction process
is required to increase the content of NPs in biochar. This process can be easily operated
via grinding or milling [158]. Figure 11 presents the most common approaches for the
preparation of nano-BC from biomasses.
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Figure 11. Commonly employed preparation routes for nano-biochar from biomass feedstock [159].
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In comparison with bulk BC that is normally measured on a micron or millimetre scale,
nano-biochar is defined as biochar with a particle size of <100 nm. However, a wide range
of particle sizes has been considered as nano-biochar in the literature, with particle sizes
from 0 to 600 nm being considered as nano-biochar. The particle size of nano-BC is highly
dependent on the various feedstocks and preparation methods. For the same feedstock,
increasing the pyrolysis temperature can lead to a decrease in particle sizes. For instance,
increasing the pyrolysis temperature for rice straw from 400 to 700 °C caused a decrease in
particle size from 403 to 234 nm using the centrifuging separation method, as reported by
Lian et al. [160]. Likewise, when using the same nano-BC preparation route, increasing the
pyrolysis temperature from 300 to 600 °C for rice hull feedstock yielded particles with sizes
ranging between 190 and 59 nm.

In addition, conventional BC does not bear electrical conductivity. Instead, the biochar
with its size reduced on a nano scale with its activation can be a new research trend for
formulating easy and stable biosensors and nanocomposites, owing to its greater surface
area and its ability to facilitate rapid electron transmission during sensing and biosensing
and offer more adsorption sites for target binding [161]. As a carrier, n-BC could facilitate
the migration of natural solutes and contaminants, in contrast with the positive effects of
bulk BC, such as holding nutrients and immobilizing hazardous chemicals [162].

3.4. PLA/Ceramic Nanocomposites

The development of ceramic nanoparticles with improved properties has been studied
with much success in several areas such as in synthesis and surface science. Ceramics are
defined as solid compounds that are formed by the application of heat and sometimes
pressure, comprising at least two elements, provided one of them is a non-metal or a
metalloid. The other substance(s) may be a metal or another metalloid.

The properties that these versatile materials exhibit include high mechanical strength
and hardness, good thermal and chemical stability, and viable thermal, optical, electrical,
and magnetic performance. In general, ceramic components are formed as desired shapes
starting from a mixture of powder with or without binders and other additives, using
conventional technologies, including injection molding, die pressing, tape casting, gel cast-
ing, etc. The sintering of the green parts at elevated temperatures is furthermore essential
to reaching densification. Ceramics are a class of biomaterials extensively employed in
biomedical devices [163]. Owing to their ability to be fabricated into a variety of shapes,
along with their high compressive strength, variable porosity, and bioactive properties in
the body, ceramics are widely facilitated as implant materials. The high similarity in the
chemical composition of some ceramics such as calcium phosphate with human bone miner-
als makes them suitable for use as orthopaedic implants (human skeleton, bones, and joints)
and dental materials. These materials show excellent bioactivity, high biocompatibility, and
excellent osteoconduction characteristics [164].

3.4.1. Bioglass

Of late, bioactive glasses (bioglass, BG) have emerged as potential biomaterials demon-
strating interesting applications as bone-cementing materials in prosthetic medical implants
and drug delivery systems. Bioglass represents a subgroup of ceramic materials (i.e., based
on Si0y, NayO, CaO, and P,0s) that are comparable to native bone mineral components
that have osteoconductivity and good mechanical properties. Owing to their lower silica
content (<60%), BG materials have interesting bioactivity properties, thereby producing
different forms of hydroxyapatite that ultimately stimulate the natural adhesion by means
of biological and morphological fixation [165]. BG has been recognized as among the most
important bioceramics for bone regeneration, exhibiting high biocompatibility and positive
biological effects after implantation. This material can form a carbonated hydroxyapatite
surface layer, and is accountable for the strong bonding between BG and human bone.

Nanobioactive glasses (NBGs) are used in combination with biodegradable polymers
to enhance their mechanical performance. NBGs exhibit appropriate properties including
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biocompatibility, controlled biodegradability, ability to release the cells, ability to connect
to both hard and soft tissues, and releasing of ions during the degradation process. This
group of materials has the potential to be used in tissue repairs and wound healing,
and their positive effects on the angiogenesis process have been demonstrated in some
reports. The fidelity of NBGs in tissue repair might be attributed to their mineral structure.
Accordingly, ions releasing from NBGs can stimulate tissue repair within the human body
and therefore accelerate the process of recovery [166]. Furthermore, morphology and
particle size influence the bioactivity of the BG. Studies concluded that an increase of the
surface area and porosity of BG can dramatically enhance the bioactivity. Nanoscale BG
can also increase in vitro bioactivity (HA deposition) in higher quantities than micrometric
particles [167].

3.4.2. n-Hydroxyapatite (HAp)

Hydroxyapatite (HAp) (Cajo(PO4)s(OH),) is a bioactive ceramic material, thermo-
dynamically stable in its crystalline state in body fluid and is the principal inorganic
constituent of human bone, making it biocompatible with excellent bone healing properties
due to its osteoconductive and osteoinductive capacities [168,169]. Natural HAp is typi-
cally extracted from biological wastes or feedstocks such as mammalian bone (e.g., bovine,
camel, and horse), marine or aquatic sources (e.g., fish bone and fish scales), shell sources
(e.g., cockle, clam, eggshell, and seashell), certain plants, and also from mineral sources
(e.g., limestone). Synthetic HAp can be fabricated through various methods, including
dry methods (solid-state and mechanochemical), wet methods (chemical precipitation,
hydrolysis, sol-gel, hydrothermal, emulsion, and sonochemical), and high temperature
processes (combustion and pyrolysis) [170]. Nano-hydroxyapatite (nHA) has the small-size
effect of a small crystal grain diameter, large interface, high surface free energy and binding
energy, and the unique physical and chemical properties of nanomaterials such as a macro
quantum tunnelling effect [171].

The brittle nature of HAp makes it unsuitable for most applications when used alone
since it does not meet mechanical requirements. The reinforcement of PLA with ceramics
such as nanohydroxyapatite (NnHAp) is heavily investigated for tissue engineering and
bone regeneration applications and has effectively solved many problems such as high
brittleness of hydroxyapatite itself and uncontrollable degradation rate. Moreover, HAp in
its nanophase has been found to improve osteoblast cell adhesion and long-term functions
both in vitro and in vivo [172].

3.5. Nanoclays

Among the variety of nanofillers, nanoclays are the oldest and potentially one of the
most interesting and versatile ones [173]. Clays are divided into several classes, such as
kaolinite, montmorillonite, sepiolite, smectite, chlorite, illite, and halloysite based on their
particle morphology as well as chemical and mineralogical composition. Due to their
wide availability, relatively low cost, and relatively low environmental impact, nanoclays
have been studied and developed for numerous usages. Approximately 30 different types
of nanoclays can be found, which depending on their properties are used in different
applications [174].

With the rapid growth of nanotechnology, clay minerals are increasingly used as
natural nanomaterials. Nanoclays are nanoparticles of layered mineral silicates with layered
structural units that can form complex clay crystallites by stacking these layers [175]. An
individual layer unit is composed of octahedral and/or tetrahedral sheets. The different
structures of nanoclays are basically composed of alternating tetrahedral silica sheets “SiO,”
and alumina octahedral layers “AlOg” in ratios of 1:1 when one octahedral sheet is linked
to one tetrahedral sheet as kaolinite or halloysite. In ratios of 2:1, this structure created
from two tetrahedral sheets sandwiching an octahedral sheet such as montmorillonite and
sepiolite yields the proportion of 2:1:1 (chlorite). It has been reported that the different
types of nanoclays affect the properties of PLA/clays nanocomposites [176].
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Solvent casting [177], melt blending [178], and in situ polymerization techniques [179]
have been extensively used to synthesize nanoclays containing PLA composites. In recent
years, nanoclays have been given great consideration due to being able to improve and
significantly enhance mechanical and thermal properties, barrier, and flame resistance
properties, as well as in their use in the accelerated biodegradation of polymers [173].
However, it has been reported that the different types of nanoclays affect the properties
of PLA/clays nanocomposites [176]. Although organic montmorillonite (MMT) [180],
bentonite [181], and halloysites nanotubes (HNTs) [182] are the most widely used nanoclays
in the synthesis of PLA nanocomposites, the use of other clays with different morphologies,
such as sepiolite (a fibrous silicate that has microporous channels running along the length
of the fibers) [183] and palygorskite (a fibrous silicate with a needle-like morphology) [184]
has also been reported in the literature.

Several studies have shown significant improvement in the properties of PLA because
of the addition of nanoclays [185]. At present, nanoclays such as organic montmorillonite
(MMT), bentonite, and halloysites nanotubes (HNTs) are being greatly considered as
they possess the potential tendency to extensively improve the thermal, mechanical, and
functional properties of polymers. However, it has been observed that the properties of
synthesized nanocomposites are affected by the amount of nanoclays that is added to
the PLA matrix due to the incompatibility between the hydrophobic polymer and the
hydrophilic natural nanoclays [186,187]. Specifically, this was observed in the case of MMT
nanoclays that present a hydrophilic nature, thus hindering their uniform dispersion in the
hydrophobic organic PLA matrix [20]. Studies have reported that the mechanical properties
of bio-nanocomposite films improved if a small content of nanoclays was added into the
packaging materials. Nevertheless, the mechanical properties of the films declined with
a further increase in nanoclay concentration [188,189]. Table 3 overviews the mechanical
properties of PLA nanocomposites containing different nanoclays.

Table 3. PLA /nanoclays composites and their mechanical properties as found in the literature.

Sample (]:\?;:(e,?]t a(})rf Tensile Strength Young’s Modulus Ela(;rllggrzt;ﬁn Flexural Strength Impact Strength Bibliography
Increase of Increase of Increase of
PLA /Halloysite 3% wt. 14% compared to 50% compared to 3% compared - - [180]
neat PLA neat PLA to neat PLA
. Increase of Increase of Increase of Increase of
gaﬁ% fﬁrﬁ%ﬁber 1% wt. 5.7% compared to  39.61% compared - 46.4% compared 10.6% compared [190]
? PLA/Kenaf to neat PLA to PLA /Kenaf to PLA /Kenaf
PLA/Aloe vera Increase of Increase of Increase of Increase of
fiber (30%)/MMT 1% wt. 5.72% compared 18.84% compared - 6.08% compared 10.43% compared [186]
© to PLA /Aloe vera to neat PLA to PLA/Aloe Vera  to PLA/Aloe vera
Increase of Increase of Increase of
23.2% compared Tensile Modulus 56.43% compared 57.5% compared
PLA/Kenaf/Aloe 14, (ot to PLA /Kenaf Increase of _ to PLA /Kenaf to PLA/Kenaf [187]
vera/MMT o Increase of 24.61% compared Increase of Increase of
11.46% compared toneat PLA 12.63% compared 54.27% compared
to PLA /Aloe vera to PLA/Aloe vera to PLA /Aloe vera
Increase of Increase of Decrease of
PLA/PCL/MMT 4% wt. 15% compared to 26% compared to - - 33% compared to [191]
the blend the blend the blend
PLA/Halloysite Decrease of Increase of Decrease of Decrease of Decrease of
tubes (HNT. 9% wt. 10.7% compared 10.8% compared 46% compared  7.3% compared to  51.4% compared [192]
nanotubes ( 5) to neat PLA to neat PLA to neat PLA neat PLA to neat PLA

4. Applications of PLA Nanocomposites

As mentioned above, nanofillers represent an interesting way to extend and improve

the properties of PLA in order to prepare high-performance PLA-based nanocomposites.
Due to the enhanced properties of PLA nanocomposites, they present the potential as
promising applications in the packaging, construction, medical, textile, electronics, solar
panel, and agricultural sectors (Figure 12).
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Food Medical
packaging applications

Figure 12. Schematic overview of the numerous applications involving PLA nanocomposites.

4.1. Applications of PLA/Metal Oxides
4.1.1. Food Packaging

Metallic-based particles such as MgO, ZnO, S5iO; and TiO, have been mainly used in
food packaging due to their enhanced antimicrobial properties. In brief, Swaroop et al. [193]
produced PLA biofilms reinforced with MgO nanoparticles (up to 4 wt.%) using the sol-
vent casting method on a lab scale for the food packaging sector. Among the prepared
biocomposite films, the 2 wt.% reinforced PLA films exhibited the maximum improvement
in tensile strength and oxygen barrier properties (up to 29% and 25%, respectively) in
comparison to neat PLA films. In general, the studied biofilms were transparent, capa-
ble of screening UV radiations and presented superior antibacterial efficacy against the
E. coli bacterial culture. Taking it a step further, the same group developed for the first
time an industrial level melt-processing setup for the preparation of blown PLA/MgO
nanocomposite (NC) films for food packaging [194]. In that work, up to 3 wt.% PLA/MgO
nanocomposite films were prepared for the investigation of key mechanical, barrier, optical,
thermal, and anti-bacterial performance (Figure 13). The tensile strength and plasticity
improved by nearly 22% and 146%, respectively, for the 2 wt.% MgO-reinforced films. The
oxygen and water vapor barrier properties improved by nearly 65% and 57%, respectively,
for the 1% material. For the 1 wt.% NC films, around 44% of the E. coli bacteria were killed
after a 24 h treatment, indicating that these nanocomposites could be used as a sustainable
alternative for petroleum-based packaging film materials.
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Figure 13. Industrial scale setup of the film blowing process: (a) Calendaring of the neat PLA film
and (b,c) the blown film of the 1% PLA /MgO nanocomposite [194].

Chong et al. [195] conducted a literature report regarding the fabrication of PLA-ZnO
nanocomposites with enhanced antibacterial properties. Although ZnO’s antibacterial
mechanisms are still under thorough investigation, ZnO NPs have been found to be
active against biofilm formation due to the generation of hydroxyl radicals, thus increas-
ing the antibacterial activity of commonly used antibiotics. They highlighted that their
multi-functionality and versatility enable their use in antibacterial, UV-absorption, and
photocatalytic applications such as food packaging products.

Zhang et al. [50] developed PLA /ZnO NPs electrospun membranes with enhanced
antimicrobial activity and UV blocking for food packaging applications. The optimal
performance in terms of antimicrobial activity was achieved with 0.5 wt.% ZnO NPs.
Specifically, the inhibition zones of Escherichia coli and Staphylococcus aureus strains were
15.02 & 0.18 mm and 14.74 £ 0.06 mm, respectively, concluding that this composite is a
suitable alternative as a food packaging material that provides both an antibacterial effect
and serves as a UV light barrier.

TiO; is a material with bactericide activity that is improved in the presence of light [196].
Baek et al. [197] modified the surface of TiO, with oleic acid (OA) to make it nonpolar and
thus improve its compatibility with PLA and PLA films that were prepared using solvent
casting. The surface modification with oleic acid improved the dispersion of the nanopar-
ticles in PLA matrices more so than unmodified TiO,, as verified by SEM micrographs.
Oxygen permeability and water vapor permeability of 1% OT-PLA were reduced by 29%
and 26%, respectively, when compared to pure PLA. OT-PLA had higher transparency than
T-PLA but provided better light blocking in UVA and UVB regions than PLA. Feng et al. [34]
investigated the antibacterial activity of PLA /TiO, nanocomposite films and nanofibers
against E. coli and S. aureus using two different lighting conditions: a UV-A (360 nm) irradi-
ation and a fluorescent lamp source. The pristine PLA presented almost no antibacterial
properties, while with increasing amounts of TiO, NPs, and the antibacterial strength of the
nanocomposite films rose evenly. The maximum inhibition ratio was observed at a TiO,
content of 0.75 wt.% for both NPs and films. Segura- Gonzalez et al. [93] also examined
the antibacterial activity of PLA/TiO, nanocomposites against E. coli (DH5«). The basic
conclusion was that the presence of TiO, NPs led to a decline in the biofilm development
and in the bacterial growth of E. coli. These results may be attributed to an immediate
impedance on bacterial metabolisms. Furthermore, bacteria size on the nanocomposites
incorporating nanoparticles with a diameter of 21 nm was even smaller than one grown on
the nanocomposites incorporating the <100 nm nanoparticles. This observation may relate
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to the surface-to-volume ratio of the NPs, which might alter the oxidative catalytic perfor-
mance of TiO; in the direction of the organic material related to both the EPS (extracellular
polymeric substance) and the bacteria themselves.

An alternative material in the field of nano-food packaging was also proposed by
Batool et al [198]. In their work, ZnO NPs hexagonal in shape and 36.5 nm in size at
concentrations of 0.4% and 4% (w/w) were incorporated into a PLA matrix using the
solution casting technique. ZnO-NPs were prepared by aloe barbadensis’ leaves extract and
their addition in PLA enhanced stability, elongation, and film thickness. The antimicrobial
assay of fruit and biofilm against E. coli and S. aureus bacterial strain results confirmed that
nano-ZnO-based packaging film improved the shelf life and food quality of Vitis vinifera
fruit up to two weeks at 40 °C.

4.1.2. Medical Applications

Except for food packaging, PLA/Metal oxide nanocomposites can be also used in
medical applications such as in tissue engineering, wound healing, and drug delivery
systems [199-201].

In a very recent study, Grande-Tovar et al. [199], prepared membranes based on
polycaprolactone (PCL) and PLA incorporated with ZnO-NPs, glycerol (GLY), and tea tree
essential oil (TTEO) for tissue engineering applications. It was found that the incorporation
of the ZnO-NPs and TTEO accelerated the degradation process of the PLA /PCL matrix. All
membranes exhibited biodegradability and biocompatibility after 60 days of study, allowing
a healing procedure to occur with the recovery of tissue architecture and hair without
the occurrence of an aggressive immune response. The membranes are fragmented and
reabsorbed by inflammatory cells during the resolution process (Figure 14). Simultaneously,
the implantation zone was replaced by connective tissue with type III collagen fibers, blood
vessels, and some inflammatory cells that continue the reabsorption process.

In an attempt to prepare alternative materials for bone implant applications,
Nonato et al. [202] molded PLA /ZnO nanofibers (1 wt.%) using the solvent-cast three-
dimensional (3D) technique. Conditions were adapted to imitate a mechanical fatigue test
at human body temperature—cyclic stress in an isotherm at 36.5 °C. The obtained results
indicated that for temperatures above 30 °C, the storage module of PLA /ZnO nanocompos-
ites was higher when compared to pure PLA, and in the fatigue test, PLA/ZnO withstood
more than 3600 cycles, while pure PLA failed after an average of 1768 cycles. Once
again, the excellent antimicrobial activity of ZnO nanocomposites was verified against
numerous bacterial strains such as Staphylococcus aureus, Salmonella, E. coli, as well as
Candida albicans yeast.

In another work, Rashedi et al. [203] prepared PLA /ZnO nanofibrous nanocomposites
loaded with tranexamic acid (TXA), which was prepared using the electrospinning process
for wound healing patches. The obtained nanofibers exhibited a small pore size that
enables the appropriate permeation of atmospheric oxygen to the wound. An in vitro
cytotoxicity assay of the nanofibrous mats showed the wound dressing material did not
cause any harmful effect upon the human dermal fibroblast cells. Antibacterial studies
against Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus revealed
a 75% and 98% reduction in colonies of the bacterial strains, respectively. In vivo tests on
mice models evidently demonstrated that the PLA /ZnO/TXA nanofibrous nanocomposites
dressing enhanced the wound healing process (Figure 15). These results encourage the use
of the suggested nanocomposite as a helpful wound dressing where rapid wound healing
and proliferation of skin cells are mandatory.

Monadi et al. [204] incorporated SiO, in the PLA matrix at different concentrations (1, 3,
and 5 wt.%) to produce a PLA nanocomposite film with enhanced antimicrobial properties
for food packaging applications. They found high antimicrobial activity against Escherichia
coli and Staphylococcus aureus, whereas the water vapor permeability and oxygen transfer
rate presented the lowest values, decreasing by 56.9% and 55.2%, respectively, compared to
neat PLA.
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Figure 14. Subdermal implants of F1, F2, F3, and F4 at 60 days: (A) Formulations from the 4 X
HE technique, (B) formulations from the 10 X GT technique, and (C) formulations from the 100 X
HE technique. Yellow oval: Implantation zone. D: Dermis. M: Muscle. Fc: Fibrous capsule. 1Z:
Implantation zone. Col III: type III collagen. Yellow arrows: Fragments of materials. Red arrows:
Inflammatory cells. Blue arrows: Blood vessels. HE: Hematoxylin and Eosin technique. GT: Gomori
technique [199].

Moreover, Wang et al. [205] grafted PLA chains with a small amount of functionalized
Si0; (£-5i07). Because of the improvement in dispersion and interfacial interaction in the
PLA matrix, the f-SiO; illustrated an effective reinforcing and toughening effect for PLA,
where the elongation at break, tensile strength, and impact toughness of PLA nanocompos-
ite improved by 47.8, 14.9, and 30.3%, respectively, compared to PLA neat. Additionally,
the degree of PLA crystallinity was significantly enhanced by the added {-SiO,.

The objective of a recent study [206] was to prepare a series of poly(DL-lactic acid)
(PDLLA) nanocomposites with four different amounts of silica (SiO,) nanoparticles (2.5, 5,
10 and 20 wt.%), following a new two-step synthesis route: ring opening polymerization
of DL-lactide and polycondensation. According to intrinsic viscosity measurements, the
average molecular weight of PDLLA (Mn ~ 38,097 g mol~!) decreased with increasing
SiO; content. SEM images confirmed the fine dispersion of SiO; nanoparticles inside the
polymer matrix due to the interactions between ester groups of PDLLA and surface silanol
groups of SiO,. In addition, they confirmed that thermal stability was increased by the
addition of SiO, in the PLA matrix.
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Figure 15. Images of skin wound healing process in mice after 0, 7, and 14 days of treatment with the
PLA/ZnO/TXA nanocomposites [203].

4.1.3. Environmental Applications

In the last 30 years, the photocatalytic efficiency of nanosized metal oxides at degrading
organic contaminants in the air and water has resulted in their utilization in several envi-
ronmental applications [207]. These include photocatalytic hydrogen production via water
splitting, degradation of organic pollutants in wastewater photocatalytic self-cleaning,
bacterial disinfection photo-induced super hydrophilicity, as well as in photovoltaics and
photosynthesis [99].

Bobirica et al. [208] prepared novel photocatalytic membranes based on PLA /TiO,
hybrid nanofibers deposited on fiberglass supports for the removal of ampicillin from
aqueous solutions via the electrospinning technique. The fiberglass fabric plain woven-type
membrane showed the highest efficiency of ampicillin removal from the aquatic solutions.
However, the degree of mineralization of the aqueous solution is kept low even after
two hours of photocatalysis, owing to the degradation of PLA from the photocatalytic
membrane. Li et al. [91] synthesized via the sol-gel method TiO, nanoparticles (6.3-11.1 nm)
using titanium tera-isopropoxide (TTIP) as the hydrolysis material for the reinforcement of
PLA films by casting. The photocatalytic activity of films was verified by methyl orange
(MO) solution degradation under UV irradiation. Photodegradation of PLA due to TiO,
NPs was associated with the development of carbon-centered radicals and acceleration of
interfacial polymer chains gap by active oxygen species. For neat PLA, after 12 h of UV
radiation, the degradation of MO observed was 55%, while the film containing 0.6 wt.%
TiO; reached a photocatalytic degradation efficiency of 99% after 12 h of UV irradiation.

By using mild and environmentally friendly synthetic conditions, Gupta et al. [209]
developed photocatalytic nanocomposites composed of porous PLA microparticles via
oil/water emulsion with incorporated anatase TiO, NPs for the sorption and UV-triggered
degradation of organic compounds. The authors demonstrated that the sorption capacity,
dye degradability, and composite disintegration can be controlled by altering the PLA
microparticles” porosity and the distribution of incorporated titania NPs. Both types
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of PLA/TiO, composites removed rhodamine 6G from water (up to 60% of the initial
amount in six hours of UV exposure time) unlike negligible dye removal observed for
TiO,-absent PLA particles. The authors suggested that these composite microsponges may
be facilitated as nontoxic photocatalytic materials for the efficient environmental clean-up
of contaminated water.

The photocatalytic degradation of a mixture of cytostatic drugs has been studied using
immobilized TiO, on polymer films (PET and PLA) [207]. Both studied nanocomposite
materials have been proven to be effective. However, higher degradation rates were
achieved in the presence of PET-TiO;.

4.1.4. Other Applications

It has also been reported that PLA /metal oxide nanocomposites are alternative can-
didates for air filters applications as well as in electronic and automotive applications
(Table 4).

Petousis et al. [210] reported the effect of Al;O3 NPs at four different filler loadings, as
a reinforcing agent of PLA using FFF for a series of potential applications. A positive rein-
forcement mechanism was observed at all filler loadings, while the mechanical percolation
threshold with the maximum increase of performance was found between 1.0-2.0 wt.%
filler loading (2.0 wt.% in PLA, and a 40.2% and 27.1% increase in strength and modulus, re-
spectively). Sukhanova et al. [211] investigated the incorporation of epoxidized aluminum
oxide nanofibers (AONF) nanofiller in improving the characteristics of composite polymer
films based on biodegradable PLA by solution casting. It was shown that the incorporation
of AONF results in an enhancement in the mechanical properties of neat PLA. Kangali
et al. [212] prepared PLA /boron oxide nanocomposites by the solution casting method as
alternative candidates for electronic, packaging, and automotives industries. The parti-
cle size of boron oxide was reduced to a nanosize using SPEX ball mill and boron oxide
nanoparticles (BONPs) that were functionalized with oleic acid, [3-(trimethoxylsilyl) propy-
Imethacrylate] (MPTMS) and triethoxyvinylsilane (VS). Mechanical and flammability tests
showed that the nanosized and surface functionalized BONPs enhanced the crystallinity
and mechanical performance of PLA/BONPs. The crystallinity value increased from 13.68%
to 32.55% with the increasing functionalized BONPs in the PLA matrix. Likewise, the ten-
sile strength of the nanocomposites increased from 41.25 £ 0.80 MPa to 51.12 £ 2.54 MPa
with the increasing functionalized BONPs.

Wang et al. [213] prepared hybrid PLA/TiO, NPs fibrous membranes presenting good
antibacterial activity via the one-step electrospinning technique for air filter applications.
Filtration performance tests (Figure 16) indicated that fibers with a high surface roughness,
large specific surface area, and large nanopore volume greatly improved the particle capture
efficiency and facilitated the penetration of airflow. From the overall tests conducted, it
was concluded by the authors that the PLA/TiO; fibrous membrane loaded with 1.75 wt.%
TiO, NPs prepared at a relative humidity of 45% was the optimal material, since it showed
excellent filtration efficiency (99.996%) and a relatively low pressure drop (128.7 Pa), as
well as a high antibacterial activity of 99.5% against Staphylococcus aureus.
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Figure 16. Filtration performance of FM1 (containing 0 wt.% TiO, prepared at a relative humidity
of 45%), FM2 (containing 1 wt.% TiO, prepared at a relative humidity of 45%), FM3 (containing
1.75 wt.% TiO, prepared at a relative humidity of 45%), FM4 (containing 1.75 wt.% TiO, prepared
at a relative humidity of 15%), and FM5 (containing 1.75 wt.% TiO, prepared at a relative humidity
of 60%) at various face velocities: (a) filtration efficiency, pressure drop, and quality factor of FM1,
FM2, and FM3 at a face velocity of 5.3 cm/s and 14.1 cm/s, respectively and (b) filtration efficiency,
pressure drop, and quality factor of FM3, FM4, and FM5 at a face velocity of 5.3 cm/s and 14.1 cm/s,
respectively [213].
Table 4. Applications of PLA /metal-oxide nanocomposites in various sectors.
Material Application Properties References
PLA-ZnO Packlagmg, t1ssue. engineering, wound . Dlellectrlc .prope.rtl.es, n.tl-mﬂamr.n;?t.ory and [195,199,203]
healing, drug delivery, disposable electronics  antibacterial activity, biocompatibility
Total anti-UV protection, optical and
PLA-TIiO, Packaging, air filters, t1s§ue engineering, ar}t1ba<.:ter1al Properhes, nanocgmposﬁes [94,214,215]
wound healing, electronics with higher kinetics of crystallization,
photodegradability, etc.
PLA/AlL,O3 Electronics, packaging and automotives Anti-inflammatory properties and [210,211]
and PLA/BO industries non-toxicity against fibroblast 1.929 cells !
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4.2. PLA/Carbon-Based Nanocomposites
4.2.1. Thermal and Electrical Applications

It has been demonstrated that carbon-based materials including carbon black, ac-
tivated carbon, graphite, CNFs, and CNTs are very effective fillers in improving the
thermal insulation performance of polymer foams by reducing the radiative heat trans-
fer [132]. Wang et al. [216] reported an eco-friendly and versatile process to fabricate
ultra-low-threshold and lightweight biodegradable PLA/MWCNTs foams with segregated
conductive networks for high-performance thermal insulation and electromagnetic inter-
ference shielding to meet the rising request for high-performance multifunctional materials
in sustainable development. Owing to the unique structure of the microporous PLA matrix
embedded by conductive 3D MWCNTs networks, the lightweight porous PLA/MWCNTs
with a density of 0.045 g/cm? possess a percolation threshold of 0.00094 vol%, which
was the minimum value reported at the time. Moreover, the developed material showed
excellent thermal insulation performance with a thermal conductivity of 27.5 mW-m~1-K~1,
significantly lower than the best value of common thermal insulation materials.

A simple, CO,-based and eco-friendly yet effective foaming methodology for fabricat-
ing ultra-low-density PLA /CNTs nanocomposite foam for thermal insulation application
was reported by Li et al. [217]. With the gradual incorporation of CNTs, three kinds of
networks were generated in PLA /CNTs nanocomposites and had a distinct reinforcement
influence on their melt viscoelasticity. The storage modulus of PLA /CNTs nanocomposites
were three orders of magnitude higher in contrast to neat PLA. Interestingly, relative to
abnormal DSC, a double melting peak phenomenon appeared in the high-pressure DSC
curves of various PLA specimens. Biodegradable PLA /CNTs nanocomposite foam was
successfully fabricated at a foaming temperature (T¢) of 121 °C with a super-high volume
expansion ratio (VER) of 49.6 times. The pore size, pore density, and VER of diverse
PLA specimens were tuned and regulated efficiently by the content of CNTs and foaming
temperature. Finally, the authors underlined that these results offer a promising strategy
for developing other thermoplastic polyester foams with ultra-high VER to obtain some
unique functional attributes.

Sanusi et al. [218-220] incorporated hybrid nanofillers containing MWCNTs and mont-
morillonite (Mt) at concentrations of 0.5, 1 and 2 wt.% through a two-step procedure of
solution and melt mixing, to create reinforcing fillers in the PLA matrix. The physico-
chemical studies indicated a strong hybrid—polymer interaction. The structural analyses
confirmed the synergy between the nanoclay and the carbon nanotubes in reaching a
homogeneous dispersion of Mt/MWCNT NPs throughout the PLA. Furthermore, the
addition of a low mass fraction of the studied hybrid nanofillers led to a more than 24% and
45% enhancement in the tensile strength and elastic modulus of PLA, respectively. Finally,
at low loading (0.5 wt.%) of the Mt/MWCNTs nanofiller, the performance of the thermal
degradation was improved, while an increased amount of added nanohybrid implies a
well-established percolation network in the nanocomposite, which might serve as a good
thermal conductive material.

Graphene and its different types also have excellent electrical and thermal properties.
Kalinke et al. [221] reported the comparison of the electrochemical properties of 3D-printed
PLA-graphene electrodes (PLA-G) under different activation conditions and through differ-
ent processes. The sensor showed good repeatability and reproducibility and the electrodes
were successfully applied to DA determination in synthetic urine and human serum, show-
ing good recovery, from 88.8 to 98.4%. Thus, the activation methods were vital for the
improvement in the 3D PLA-G electrode properties, allowing graphene surface alteration
and electrochemical enhancement in the sensing of molecular targets.

In another work, the introduction of exfoliated graphene into the PLA matrix produced
conductive PLA /graphene nanocomposites via the solution casting method [222]. Among
the concentrations of the filler (0.5, 1.5, 1.7, 2, 2.5, and 3 wt.%) added to PLA, the content of
1.7 wt.% graphene was the optimal choice since a significant drop in impedance (10° Q)
compared to neat PLA (10" Q) was noticed. As the graphene loading was increased,
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the impedance gradually reached the reduced value of 10* Q. In addition, the specific
nanocomposites suggest the reusability of the films for at least five cycles and the capability
to reproduce these results in nature.

Finally, Spinelli et al. [223] evaluated the temperature effect on the thermophysi-
cal properties of PLA nanocomposites reinforced with two different weight percentages
(3 and 6 wt.%) of GNPs. At the lowest temperature (298.15 K) measured, an enhancement
of 171% was observed for the thermal conductivity compared to the unreinforced matrix
due to the addition of 6 wt.% GNPs, whereas at the highest temperature (372.15 K) such
an improvement was about 155%. Moreover, similar to the glass transition (expected at
~333 K), the thermal diffusivity decreased with increasing temperatures.

Masarra et al. [224] printed electrically conductive PLA /PCL composites using the
FFF that were mixed with different contents of GNPs. The electrical resistivity results using
the four-probes method revealed that the 3D-printed samples featuring the same graphene
content are semiconductors. Varying the printing raster angles also exerted an influence
on the electrical conductivity results. The electrical percolation threshold was found to
be lower than 15 wt.%, whereas the rheological percolation threshold was found to be
lower than 10 wt.%. Furthermore, the 20 wt.% and 25 wt.% GNP composites were able
to connect to an electrical circuit. Lastly, an increase in the Young’s modulus was shown
with the percentage of graphene. In a PLA/poly(methyl methacrylate) (PMMA) blend
(ratio of 40:60 w/w), two types of graphene were added to prepare nanocomposites via
solution-mixing blending, graphene nanoplatelets (GNPs), and acid-modified graphene
(FG) [225]. It was observed that the addition of FG to the PLA/PMMA blend indicates a
lower percolation threshold and higher electrical conductivity compared with the blend
filled with GNPs due to FG’s better homogenous dispersion and uniform distribution in
the polymer phases.

Silva et al. [226] synthesized biodegradable blends of PLA with poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV), enriched with CNTs for electrical, electromagnetic, and
military applications. More specifically, the PLA/PHBV blend (80/20) and PLA/PHBV
blend-based nanocomposites with 0.5 and 1.0 wt.% CNT were produced. SEM analysis
showed that PHBV was homogeneously dispersed in the PLA matrix and that CNTs are
preferably dispersed in the PHBV phase. The CNT acted as a nucleating agent for the
crystallization of PHBV and had no effect on the thermal stability of the nanocomposites.
The addition of 1.0 wt.% CNT resulted in better electrical properties (2.79 x 1072 S/m) and
an excellent result as an electromagnetic interference shielding material (attenuation of
approximately 96.9% of the radiation in the X-band).

The hydrolytic degradation of PLA/poly(ethylene oxide) (PEO) blends and their CNTs
nanocomposites were also investigated by Zare et al. [227]. The fine dispersion of CNTs
in the nanocomposites also demonstrated the strong interfacial interactions between the
polymer and CNTs. The samples showed different melting peaks, suggesting that PLA and
PEO are immiscible. The thermal decomposition of PEO was accelerated by the addition
of CNTs in all samples because of the better heat transfer to the dispersed phase in the
nanocomposites.

The capability of fullerenes to form supramolecular complexes with different types of
molecules has been featured in applications mainly in the development of organic photo-
voltaic cells. The topic of supramolecular complexes of fullerenes with macromolecules
such as PLA was explored by Cataldo et al. [228]. Spectrophotometric tests revealed that
a new band in the UV, i.e., at 230 nm, was assigned to the charge-transfer interaction
between PLLA and C60, whereas the former acts as an electron donor through the ketones
of the ester group and the latter as an electron acceptor being an electron-deficient olefin.
From this study, it was confirmed that PLLA and Cg are in close contact with each other,
suggesting a kind of host—guest interaction where the helical conformation of PLLA is able
to induce the optical activity to the achiral Cgj electronic transitions.
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4.2.2. Biomedical Applications

CNTs have been also viewed as an interesting additive to improve the performance
of 3D-printed PLA parts for biomedical applications, owing to the biocompatibility and
biodegradability of PLA [229]. Magiera et al. [230] compared the degradation behavior of
electrospun-nanofibers destined for biomedical applications, obtained from neat PLA and
PLA/CNTs composites in aquatic environments. PLA and PLA /CNT composite nanofibers
underwent swelling and partial degradation during incubation due to the penetration of
water into the polymer matrix. An increase in the fibers’” diameters occurred, although
the overall porosity of the composites remained unaltered. Changes in the mechanical
properties of the composite mats were higher than those observed for pure PLA mats. After
14 days of incubation, the samples that retained 47 to 78% of their initial tensile strength
were higher than pure PLA samples. Morphological changes in pure PLA nanofibers were
more dynamic than in composite nanofibers, which indicates their higher stability under
the experiment conditions, while no significant changes in the crystallinity, wettability, and
porosity of the samples were observed.

Also employing the electrospinning method, Zhang et al. [231] incorporated MWCNTs
and doxorubicin (DOX) into the PLLA nanofibers for localized cancer treatment by the com-
bination of both chemo- and thermotherapy. The multifunctional fibers presented increased
cytotoxicity both in vitro and in vivo by the combination of photothermal-induced hyper-
thermia and chemotherapy with DOX. In total, photothermal treatment and chemotherapy
were successfully integrated into one single system using the electrospun DOX/MWCNTs-
loaded PLLA nanofiber mats. The fiber mats realized local drug delivery and hyperthermia
and at the same time and showed significantly enhanced anti-tumor efficacy for this com-
bination therapy strategy. The low energy of irradiation did not only induce cancer cell
death via the hyperthermia effect, initiating the burst release of DOX from the fibers due
to the relatively low Tg of PLLA, but also significantly increased the temperature of the
fiber-covered tumor site. The latter resulted in an enhanced restraining effect on tumor
growth and minor side effects on other normal organs.

Lee et al. [232] prepared micro needle patterns (Figure 17) of PLA/MWCNTs using the
injection molding method and studied the effects of MWCNTs on crystallization, thermal
behavior, and the replication and surface properties. It was concluded by the authors
that the processing parameters greatly affect the replication and surface properties of the
micro injection-molded PLA /CNT nanocomposites. Specifically, an analysis of the thermal
behavior and crystallinity indicated that the MWCNTs promoted the unique «’ to o« crystal
transition of PLA, resulting in an enhancement of surface modulus and hardness. In
addition, the MWCNTs increased the activation energy for thermal degradation of PLA
due to the physical barrier effect. The replication quality (ratio higher than 96%) of the
micro-features in the PLA/MWCNTs nanocomposites was accomplished by elevating the
injection speed (120 mm/s) and holding pressure (100 MPa), which enhances the polymer
filling ability within the micro cavity.

Figure 17. SEM micrographs of the micro needle surfaces of PLA/MWCNTs nanocomposites [232].
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In the work conducted by Vidakis et al. [233], an industrially scalable method was
developed for the preparation of multifunctional nanocomposite filaments suitable for
multiple industrial applications, such as sensors fabrication, health monitoring devices,
medicine etc. Briefly, the PLA polymeric matrix was enriched with MWCNTs at 0.5, 1.0,
2.5, and 5.0 wt.% filler loadings to fabricate novel materials using 3D-printing technology.
The performed tests showed that the addition of MWCNTs at loadings higher than 1 wt.%
significantly improved the mechanical properties and rendered the nanocomposites elec-
trically conductive. Furthermore, the 5 wt.% loading showed mild antibacterial activity
against E. coli and S. aureus colonies.

The combination of C60 and PLA could have possible medical application in the
preparation of a new type of suture or stent with various medical functions. Keeping that
in mind, Thummarungsan et al. [234] reported the preparation of electroactive samples
based on the dibutyl phthalate (DBP)-plasticized PLA and fullerene (C60) produced via
the solution casting method for biomedical applications. All PLA composites presented
fast and reversible responses when subjected to electrical stimulus. The C60/PLA/DBP
composite at a concentration of 1.0% v/v showed the highest storage modulus response
up to 23.51 x 10° Pa under the 1.5 kV mm~! electric field. Thus, the authors claimed that
the electrically responsive PLA composites prepared in their work that have a short re-
sponse time and a high bending deformation were demonstrated to be promising biobased
materials for actuator applications.

Chen et al. [235] synthesized for the first time PLLA composites with a C60 tetragonal
single crystal (C60TSC) through facile evaporation of the CHCl3 solution containing PLLA
and C60. TGA tests showed that in the second step of mass loss, the thermal decomposition
peak temperature of PLLA in the PLLA /C60TSC composite rises to 352.6 °C, 29.7 °C higher
than that of pure PLLA, indicating that the resultant C60TSC efficiently enhanced the
thermal stability of PLLA. Overall, the incorporation of C60TSC also led to the formation
of PLLA composites that have a higher melting temperature and higher cold crystallization
temperature, as well as a higher glass transition temperature and lower relative crystallinity
(Xc) than pure PLLA.

In another study, inorganic fullerene (IF)-like tungsten disulphide (WS;) nanoparticles,
ranging between 0.1 and 1 wt.%, from layered transition metal dichalcogenides (TMDCs),
were successfully introduced into a PLLA polymer matrix by Naffakh et al. [236]. The
main objective of this research was to generate novel bio-nanocomposite materials through
an advantageous melt-processing route. It was discovered that the incorporation of in-
creasing IF-WS; contents led to a progressive acceleration of the crystallization rate of
PLLA. The morphology and kinetic data demonstrated the high performance of these novel
nanocomposites for industrial applications.

Li et al. [237] developed a C60 L-phenylalanine (phe) derivative attached with PLA
(C60-phe-PLA) for the preparation of injectable Mitoxantrone (MTX) antitumor drug multi-
functional implants. C60-phe-PLA was self-assembled to form microspheres (Figure 18a)
consisting of a hydrophilic antitumor drug (MTX) and a hydrophobic block (C60) using
the dispersion—solvent diffusion method. The results obtained from the performed investi-
gation were very promising for the future treatment of solid cancer tumors. Specifically,
the self-assembled microspheres showed a sustained release pattern within 15 days of
in vitro release studies, as presented in Figure 18b. According to the tissue distribution of
C57BL mice after intratumoral administration of the microspheres, the MTX was mostly
distributed amongst the tumors, and was hardly detected in the heart, liver, spleen, lungs,
and kidneys. Microspheres provided high antitumor efficacy with negligible toxic effects on
normal organs, owing to their significantly increased MTX tumor retention time, low MTX
levels in normal organs, and strong photodynamic activity of PLA-phe-C60. In summary,
the authors stated that the prepared C60-phe-PLA microsphere could serve not only as
a powerful photo dynamic therapy but also as a sustained-release drug delivery vehicle,
suggesting that there is great potential for this formulation for local cancer treatment.
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Figure 18. (a) SEM micrograph of the developed MTX microspheres and (b) in vitro release profiles
of MTX from microspheres within 15 days of study [237].

4.2.3. Structural Applications (Mechanical-Thermal Properties Enhancement)

CNTs can enhance the crystallization rate and mechanical properties of PLA. With that
knowledge, Bortoli et al. [238] functionalized CNTs with an HNOj3 solution to create defects
and incorporate oxygen functional groups on the CNTs surface for the assessment of the
thermal and mechanical properties of 3D-printed PLA /CNT nanocomposites. The results
suggested that the functionalized CNTs (f-CNTs) displayed an improved dispersion in the
matrix and acted as effective nucleating agents for PLA crystallization, when compared to
the use of commercial CNTs (c-CNTs). The addition of just 0.5 wt.% f-CNT was adequate
to yield a significant increase in the mechanical strength of the 3D- printed parts (from
29.4 £ 0.7 MPa for PLA /c-CNT to 41.6 £ 1.4 MPa for PLA /f-CNT) and provided better
interfacial adhesion between 3D-printed layers, maintaining the thermal stability of the
nanocomposites (Figure 19). DMA analysis indicated a significant increase in the storage
modulus (~43% at 37 °C) when {-CNTs were used as a reinforcement (Figure 20). Conse-
quently, both mechanical and thermal properties of 3D-printed PLA/CNT nanocomposites
were significantly enhanced when f-CNTs were employed, also indicating that percentages
of less than 1 wt.% of this additive are required.
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Figure 19. Effects of the c-CNT and f-CNT addition on the (a) tensile strength, and (b) Young's
modulus [238].
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Figure 20. (a) Storage modulus (E') and (b) Tan 5 of pure PLA, PLA /c-CNT, and PLA /f-CNT obtained
from DMA [238].

In a recent study by Yang et al. [56] a filament based on PLA/CNTs composites was
prepared for the fused deposition modeling (FDM) process. The effects of the CNT content
on the crystallization-melting behavior and melt flow rate were tested to investigate the
printability of the PLA /CNT. The results demonstrate that the CNT content has a significant
influence on the mechanical properties and conductivity properties. The addition of
6 wt.% CNT resulted in a 64.12% increase in tensile strength and a 29.29% increase in
flexural strength. The electrical resistivity varied from approximately 1 x 10'? (3/sq to
1 x 10? Q)/sq for CNT contents ranging from 0 wt.% to 8 wt.%.

Lately, PLA-graphene nanocomposites have been extensively fabricated using additive
manufacturing such as 3D printing due to the attractive properties offered by both materials.
However, in composites, the main challenge is to understand the graphene properties’
transfer from the nanoscale to the macroscale. Camargo et al. [239] investigated the effect
of the variation of the infill and layer thickness parameters on the mechanical behavior
of 3D-printed materials. Due to the layered production process, 3D-printed parts exhibit
anisotropic behavior. The data obtained showed that the mechanical performance improved
with the enhancement of the layer thickness and infill density parameters, while impact
energy decreased as the infill increased. Caminero et al. [240] reported that the printed
PLA-graphene composite samples showed the best performance in terms of surface texture,
tensile strength, and flexural stress in comparison to pristine PLA. Nevertheless, the impact
strength of the PLA-graphene composites was reduced by 1.2-1.3 times compared to that
of the un-reinforced PLA matrix. Furthermore, the Plaza group examined the coupled
effect of the cyclic loading amplitude and frequency on the fatigue behavior of materials
(especially composites) and the induced self-heating phenomenon [241]. It was shown that
at high values of frequency and applied stress during the first stage of low cycles fatigue,
composites exhibit an overall fatigue response mainly governed by induced thermal fatigue
(ITF). Accordingly, the mechanical fatigue (MF) nature becomes predominant during the
second stage before the failure. For low frequency and applied amplitude, no significant
self-heating phenomenon has been observed.

In the study conducted by El Magri et al. [242], the combined effect of process pa-
rameters, loading amplitude, and frequency on the fatigue behavior of the 3D-printed
PLA-graphene specimens were analyzed. The obtained experimental results highlighted
that fatigue lifetime clearly depends on the process parameters as well as the loading
amplitude and frequency. In addition, when the frequency was 80 Hz, the coupling effect
of thermal and mechanical fatigue caused self-heating, which decreases the fatigue lifetime.

Garcia et al. [243] compared geometric properties such as the dimensional accuracy,
flatness error, surface texture, and surface roughness of a 3D-FFF-printed PLA-GNP rein-
forced matrix. The results showed that the dimensional accuracy was mostly affected by
the build orientation, which showed an increase in the layer area on the X-Y plane and the
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highest dimensional deviation owing to the longer displacements of the extruder accumu-
lating positioning errors. Therefore, it is clear that PLA-graphene filaments improved the
mechanical, electrical, and thermal properties without losing their geometric quality.

Ghani et al. [244] evaluated the mechanical properties of PLA reinforced with GNPs
at a concentration range of 0.1 wt.% to 1 wt.% via the meld-blending technique and then
injection molding. At 0.3 wt.% filler, the tensile strength increased, reaching the maximum
value of 50.3 MPa, owing to improved dispersion inside the PLA matrix. The elongation at
break is enhanced with the further addition of the filler, resulting in the highest value of
2.32% with 0.5 wt.%, although with 1 wt.% graphene, this property decreased because the
excess of the filler limits the motion of the polymer chains and makes the nanocomposite
more brittle.

Nanocomposites of PLA reinforced with graphene oxide nanosheets using the elec-
trospinning method also enhanced the mechanical properties [245]. The addition of GO
nanosheets strengthened the PLA fiber mat matrix with the ultimate tensile strength, reach-
ing the value of 4.4 £ 0.46 MPa from 1.7 £ 0.43 MPa of neat PLA fiber mats. The modulus
was also improved from 0.53 £ 0.07 MPa of neat PLA to 0.95 & 0.24 MPa due to the GO
nanosheets, which demonstrates a strong interfacial interaction with the matrix. Never-
theless, elongation at break was decreased from 31% of neat PLA to 17.7% of PLA/GO
fiber mats.

The majority of the current research on additive manufacturing has been concentrated
on improving the mechanical properties, such as strength and stiffness, of polymer com-
posites. Papon et al. [246] reinforced PLA with CNF and investigated the effect of filler
concentrations (0.5 wt.% and 1 wt.%) on the composites” properties. Mechanical studies
indicated an increase of 12% in the Young’s modulus at the concentration of 1 wt.% of
the filler. Although the failure strength demonstrated an increase at 0.5 wt.% CNF, by
increasing the content up to 1 wt.%, their value decreased due to agglomeration of the
filler, low CNF aspect ratio, and poor interfacial bonding between the polymer matrix and
the filler.

Malafeev et al. [247] investigated the mechanical properties of PLA using vapor grown
carbon nanofibers (VGCF) as a filler via a twin-screw micro-extruder. An improvement of
20% in strength was observed at high-temperature orientational stretching of the nanocom-
posite by four times, regardless of the concentration of the filler, while the elastic modulus
and deformation at break were at the initial level of the pristine fibers. In contrast, stretching
by six times caused a decrease of 15% in strength and elastic properties and a possibility
of existing microcracks in polymer fibrils was suggested. Dave et al. [248] reinforced
PLA using a carbon nanofiller (0.1 wt.%) in the form of carbon quantum dots to create
composite scaffolds through melt blending and underwent a 7 min plasma treatment for
the improvement of cell adhesion and growth, obtaining superhydrophilicity and cell
proliferation, which had increased by 70% compared to untreated ones. An increase of
24.1% in tensile strength was noticed compared with pure PLA due to the enhanced surface
area of intercalated nanoparticles and effective load transfer and dissipation at the interface
of carbon dots with PLA.

Nanocomposites of PLA reinforced with carbon NPs via compression molding tech-
nique exhibited an improved tensile strength due to good dispersion of NPs in the PLA
matrix, the formation of hydrogen bonds and the increasing composition of the filler, rang-
ing from 2 wt.% to 8 wt.% [249]. Regarding the Young’s modulus, even though there was a
25% increase, only with the addition of 8 wt.% of the filler, a decrease was observed due
to additional quantity of nanocarbon that hinders the bonding of some particles with the
PLA matrix.

Improved electrical resistivity, compared to a solid PLA filament, in the range of
64 £ 25 to 1.4 £ 0.48 () m for 6-15 wt.% PLA/carbon NPs filaments, was reported by
Potnuru et al. [250]. In a further step, 3D samples using the abovementioned filaments with
25 MPa mechanical strength and 20 £ 10 ) m electrical resistivity were produced. The
authors highlighted that this method can be facilitated to build humanoid robot structures
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with electrical circuitry. Enhanced electrical conductivity (3.76 S/m) was also claimed by
Jain et al. [251], owing to chemical bonding between PLA and the nanofiller, during the
fabrication of PLA /carbon nanopowder filaments for 3D printing. Solution blending was
used for PLA-NC nanocomposite fabrication and melt extrusion was employed to make
cylindrical filaments.

Carbon-based nano-additives can be used also to enhance the miscibility of PLA
blends. The group of Amran et al. [252,253] compared the mechanical properties of a
PLA /liquid natural rubber (LNR) blend (weight ratio of 90:10 wt/wt) reinforced with
varying contents (0.25 wt.%, 0.50 wt.%, 0.75 wt.%, and 1.00 wt.%) of GNPs and functional-
ized GNPs. PLA/LNR exhibited a tensile strength 19.5 MPa, while the maximum tensile
strength was demonstrated by the blend with 0.75 wt.% at 24.4 MPa. The same pattern was
observed after the incorporation of the GNP-A and GNP-T fillers. In total, the 0.75 wt.%
samples yielded the highest tensile strength at 45.47 MPa and 35.70 Mpa, respectively.

Wang et al. [254] exploited vinyl functionalized graphene (VGN) as an efficient com-
patibilizer for the preparation of mechanically strong biodegradable nanocomposites from
PLA/PCL blends. After being reactively compatibilized using 0.5, 1.0, and 2.0 wt.% VGN,
the phase size of co-continuous PLA/PCL blend was remarkably decreased, and the tensile
strength was increased by 200%, 280%, and 253%, respectively. The strong interfacial interac-
tions in reactively compatibilized PLA /PCL/VGN blend nanocomposites were evidenced
by the linear rheological and atomic force microscopical modulus measuring results.

Different contents of functionalized graphene nanoplatelet (FGNP) were incorporated
into a PLA /chitosan (PLA/CS) (75/25 wt/wt) blend and the effect of the filler on the
mechanical performance, biodegradability, and electrical properties of the blend was in-
vestigated [255]. The nanocomposite filled with 3 phr FGNP indicated an improvement
of approximately 142% and 261% in tensile strength and Young’s modulus, respectively,
compared to the neat blend. Furthermore, with the addition of 3 phr FGNP to the PLA/CS
blend, the thermal stability significantly improved. In addition, the study of biodegradabil-
ity behavior demonstrated that the weight loss rate improved over time.

Wang et al. [256] prepared a PLA /poly(butylene succinate) (PBS) blend (weight ratio
70/30 wt/wt) and reduced graphene oxide (rGO) (in different contents of 0, 0.5, 1.0, 2.0,
and 3.0 wt.%) as a filler via melt blending. The study showed an improvement of the
mechanical properties, especially with the addition of 3.0 wt.% rGO. Elongation at break
also increased to 9.2% by adding 3 wt.% rGO from 5.9% of the neat blend. Measurement of
the tensile strength indicated an increase of around 65% compared to the neat PLA /PBS
blend and the impact strength exhibited a value 2.9 times higher than the initial blend,
owing to the good dispersion of the filler and the compatibilization of the components of
the composites.

4.3. Applications of PLA/Nanocomposites with Natural Nano-Additives
4.3.1. Food Packaging

Briefly, for food packaging applications, Montes et al. [257] extruded and successfully
layered through thermo-compression PLA monolayer films containing Lgn-NPs and Um-
belliferone (UMB). In vitro antioxidant studies using the DPPH method produced a radical
scavenging activity (RSA) value of 80%, which corroborates with the results obtained by
Yang et al. [258]. Moreover, the incorporation of Lgn-NPs decreased the transmittance in
the visible region, reaching rather null values at wavelengths lower than 350 nm in the
UV region. A food packaging material is expected to be transparent in visible light and
opaque in the UV region, in order to protect the food from the oxidative deterioration,
discoloration, and flavors losses causes by the UV radiation [259].

The UV, antioxidant, antibacterial, and compostability of PLA films containing 1 wt.%
and 3 wt.% lignin nanoparticles (pristine (Lgn-NPs), chemically modified with citric acid
(caLNP) and acetylated (aLNP)), were assessed by Cavallo et al. [130]. In general, and
irrespective of whether Lgn-NPs were chemically modified or not, films containing Lgn-
NPs restrained the growth of Escherichia coli and Micrococcus luteus when compared to neat
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PLA. After 17 days of disintegration studies in compost conditions, no evident amount of
sample was observed, indicating the complete compostable nature of the composites. As
expected, due to the presence of phenolic groups (-OH), ketones, and other chromophores,
unmodified Lgn-NPs were capable of trapping DPPH radicals and exhibiting UV-blocking
behavior, while for caLNP and aLNP, chemical modification involving their phenolic
hydroxyl groups reduced both their antioxidant properties and UV protection. Finally,
migration tests yielded significantly lower values than the migration limits allowed for food
contact materials, thus rendering the nanocomposites suitable for the packaging sector.

PLA composite films were produced using unmodified soda micro- or nano-lignin as
a green filler at four different contents, between 0.5 wt.% and 5 wt.% [260]. It was found
that the tensile strength and the Young’s modulus were improved by the addition of lignin
(L) and especially nanolignin (NL) (Figure 21a). This is due to the finer dispersion of NL
in the PLA matrix, as verified by the TEM micrographs (Figure 21b). The UV-blocking
and antioxidant properties of the composite films were also enhanced, especially at higher
filler contents. As can be seen in Figure 21c, the residual DPPH content over time for
different PLA-L (c) and PLA-NL (d) composites immersed in a DPPH/ethanol solution
is lower in both L and NL composites, compared with neat PLA sample, which shows
negligible activity. By contrast, the addition of either L or NL in the PLA matrix enhanced
the antioxidant activity, as could be deduced from the higher reduction rate of DPPHe over
time. The composites with higher L/NL content showed better antioxidant activity.
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Figure 21. (a) Tensile strength variation pf PLA /lignin and nanolignin composites, (b) TEM micro-
graphs of PLA /nanolignin containing 1 wt.% nanolignin and Reaction kinetics of the free radical
DPPH during immersion of PLA-Lignin, (c) and PLA-Nanolignin (d) films in ethanol solution [260].
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Similarly for food packaging purposes, Cerro et al. [129] developed PLA /Lgn-NPs
nanocomposite films containing cinnamaldehyde (Ci) through a combination of melt
extrusion and the supercritical impregnation process. The incorporation of Lgn-NPs and
Ci affected the thermal, mechanical, and colorimetric properties of the developed films
resulting in biodegradable plastic materials with a solid UV-light barrier performance
compared to neat PLA films. Toxicity studies conducted upon rats presented normal blood
parameters after a single dose of the nanocomposites. Disintegrability tests (Figure 22)
under composting conditions verified the biodegradable character of developed materials.
Moreover, the Ci active agent accelerated the disintegration rate, while the PLA films with
Lgn-NPs presented a slightly reduced rate of disintegration. At Day 23, a disintegration
degree higher than 90% was determined for all bio-nanocomposites.
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Figure 22. (A) Optical observation of prepared films before and after different incubation days under
composting conditions and (B) % disintegrability degree under composting conditions [129].

The disintegration of PLA under composting conditions is one of the most appealing
properties for food packaging purposes. Its degradation typically starts with the hydrolysis
of the PLA chains induced by the diffusion of water into the composites. The influence
over the degradation process strongly depends on the hydrophilicity /hydrophobicity and
dispersion of the added NPs. Yang and his group [261] claimed in their work that the
hydrophobic nature of Lgn-NPs (1 wt.%) delayed the disintegration process of the PLA
matrix in a composting environment. Furthermore, when they added a 3 wt.% Lgn-NPs
in the PLA matrix, nanoparticles aggregation and rougher film surface structures were
detected, causing higher degradation.

Lgn-NPs have also been incorporated into PLA-based copolymers. In their study,
Yang et al. [262] produced PLLA-PCL-lignin nanocomposites by a melt processing method,
where Lgn-NPs grafted with PLLA and PCL copolymer served as interfacial compatibilizers.
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Chihaoui et al. [263] examined the feasibility of incorporating lignocellulosic nanofibers
(LCNFs) into a PLA/PEG blend (weight ratio of 80:20). Tensile tests and DMA indicated
an enhancement in the tensile strength and Young’s modulus by about 250% and 1100%,
respectively, at 8% LCNFs content while maintaining a high toughness (around 16 MJ/m?).
The latter was attributed to the ability of the LCNFs to create a homogeneously distributed
and entangled network within the PLA /PEG. The crystallization process of the blend was
not affected by the addition of LCNFs, as no nucleation effects were observed. Finally, from
the disintegration tests in composting conditions, both PEG and LCNFs were found to
have a positive contribution to the disintegration of the PLA matrix, mostly owing to their
hydrophilic nature favoring water diffusion inside the plasticized film (Figure 23).
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Figure 23. (A) Visual observation of PLA and PLA /PEG/LCNF nanocomposites after different days
under composting environment and (B) disintegration degree under composting conditions as a
function of time [263].

Gulzar et al. [264] discovered electrospungelatin/chitosan solutions incorporated
with tannic acid (TA) and chito-oligosaccharides (COS) at varying levels on PLA films.
Bead-free and smooth nanofibers were formed at higher TA and COS levels. Both TA and
COS provided antioxidative properties to the film, whereas a high amount of TA rendered
higher antibacterial activity against both Gram-positive and Gram-negative bacteria on the
surface of the films. Water vapor permeability (WVP), tensile strength, and elongation at
break of GC-NF coated PLA films were found to be improved when compared to PLA film.
Moreover, light transmission of GC-NF coated PLA films was reduced and the films were
cloudy in appearance.
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In another study, PLA was combined with poly(2-ethyl-2-oxazoline) (PEOx) and filled
with nanocellulose extracted from corn cob (CCNC) [265]. Synthesized nanocomposites
were prepared using the solvent casting method and they found that PEOx induces f3-
crystals formation while CCNC promotes a-crystals. In addition, the percentage of the
improvement in the tensile strength and tensile modulus of PLA/PEOx/CCNC was higher
than that of PLA/CCNC. This was attributed to PEOx, which facilitated the dispersion and
distribution of CCNC in the PLA matrix.

Sangeetha et al. [266], investigated the effect of nanocellulose on properties of ethylene
vinyl alcohol (EVOH)/ethylene vinyl acetate (EVA)-toughened PLA. Bio-nanocomposites
were prepared via the melt mixing technique using a twin screw extruder followed by
injection molding. The addition of nanofibrillated cellulose up to 2 wt.% retained the tensile
strength and increased the tensile modulus of PLA/EVA/EVOH ternary blend systems,
whereas further weight loadings decreased the tensile strength significantly. Furthermore,
the addition of nanofibrillated cellulose increased the stiffness of the composite, raising
the elongation at break up to 214% and the impact strength up to 89%. Additionally, they
found that nanocellulose acted as a nucleating agent such that it initiated a crystallization
phenomenon at a lower temperature.

Rasheed et al. [267] studied the effect of cellulose nanocrystals (CNC) from bamboo
fiber on the properties of PLA/poly(butylene succinate) (PBS) composites fabricated by
melt mixing. Results showed uniform distribution of CNC particles in the nanocomposites,
improving their thermal stability, tensile strength, and tensile modulus up to 1 wt.%,
making the composite films stiffer. The highest values of tensile modulus and tensile
strength were obtained at 7600 MPa and 93 MPa for the composite with 1 wt.% of CNC.
However, the elongation at break decreased insignificantly due to the reduction in flexibility
of composites upon the addition of CNCs. In a thermal analysis, it was found that CNCs
restricted the crystallization of PLA-PBS blends.

Rigotti et al. [150] investigated PLA nanocomposites containing various amounts
(from 1 to 20 wt.%) of nanocellulose esterified with lauryl chains (LNC). Results showed
that the low content of LNC (up to LNC content of 6.5 wt.%) in the PLA matrix was well
dispersed and formed small, sub-micrometric clusters. In contrast, higher filler contents
presented oval aggregates in the micrometric range. The addition of LNC did not affect
the thermal properties (glass transition temperature and melting temperature) of the PLA
matrix. Concurrently, as LNC content increased, both storage and elastic moduli presented
a sharp decrease of up to 5 wt.% filler, and a lower reduction for LCN concentration of
10-20 wt.%. Nanocomposites with 3 and 5 wt.% filler exhibited the highest strain at break
and a large amount of plastic deformation due to a strong interfacial adhesion between
the filler particles and the PLA matrix. The addition of LNC fillers improved the gas
barrier properties of the PLA film to a critical LNC concentration of 6.5 wt.%, where the gas
permeability of the nanocomposite resulted in being 70% lower than that of the PLA matrix.
The addition of higher LNC content increased the gas permeability of the nanocomposites
due to the presence of large LNC aggregates.

Jin et al. [268] compounded PLA and NC at various ratios to prepare biocomposite
films via the solution casting process. To enhance the compatibility of PLA/NCC blends,
the NCC was intentionally subjected to graft modification by 3- aminopropyltriethoxysilane
(KH-550). The increased silanized NCC (SNCC) was found to improve the light resistance,
air permeability, thermal stability, and mechanical performance of the PLA- based com-
posite films. Especially, compared to the pristine PLA sample, the obtained PLA-based
composite films with 0.5 wt.% SNCC showed increases of 53.87% and 61.46% in the tensile
strength and elongation at break, respectively. Additionally, PLA /SNCC composite films
displayed a decrease of 87.9% in air permeability compared with neat PLA film.

Finally, in order to improve the compatibility of PLA/NCC blends, the NCC was
deliberately subjected to graft modification by 3-aminopropyltriethoxysilane (KH-550).
The obtained PLA nanocomposite with 0.5 wt.% NCC increased by 53.87%, and by 61.46%
for the tensile strength and elongation at break, respectively, compared with PLA neat
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films. Moreover, PLA/NCC composites presented a decrease of 87.9% in air permeability
in comparison to pure PLA film. In another case, nanocellulose was oxidated (TOBC)
using TEMPO and Pickering emulsion in order to prevent the presence of aggregates of
hydrophilic nanocellulose in the PLA matrix. It was found that the Pickering emulsion
improved the dispersion of nanocellulose in the PLA matrix. TOBC improved the crystal-
lization rate of PLA as the crystallinity of the composite materials containing 1.5% TOBC
was 2.16 times higher than that of pure PLA. The addition of 1.5% TOBC in PLA also
enhanced the mechanical strength and toughness of the materials. Specifically, the tensile
strength, elongation at break, maximum bending strength, and elastic modulus of the PLA
were raised by 9.2%, 202%, 45%, and 49%, respectively [269].

Another group reinforced PLA with oxidized nanocellulose by TEMPO-mediated and
polyethylene glycol (PEG) to enhance the compatibility and strength of the PLA. The tensile
strength of neat PLA decreased with the addition of oxidized nanocellulose due to incom-
patibility between the PLA matrix and oxidized nanocellulose. However, interestingly, the
tensile modulus, which represents the resistance to deformation of material, of PLA/1PEG
and PLA /1PEG/oxidized nanocellulose, were higher than PLA and PLA /oxidized nanocel-
lulose, respectively, because the heterogeneous nucleation may occur so the PLA chains
can form in an orderly fashion in the crystalline regions, which results in higher tensile
modulus [270].

Sobhan et al. [271] prepared biochar nanoparticle BCNP/PLA nanocomposites by
the solvent casting method. They studied the electrical conductivity of the BCNP/PLA
nanocomposites and they found that increasing the BCNP content in nanocomposites from
50% to 85% increased the cyclic voltammetry (CV) and differential plus voltammetry (DPV)
from 5 to 22 mA and 1.9 to 12 mA, respectively. Correspondingly, they proved that the
addition of BCNP improved the thermal stability of nanocomposites, increasing the content
of BCNP as 85% BCNP/PLA nanocomposite had the less thermal degradation at 400 °C.
These results were also confirmed by Jasim et al. [272], who developed PLA/(0.5-10) wt.%
BCNP nanocomposites using thymol as a plasticizer. Results showed that electrical con-
ductivity increased with increased BCNP. Additionally, they noticed that BCNP increased
the elongation and tear resistance but reduced the tensile strength and tensile modulus
and hardness. Specifically, the Young modulus of PLA neat presented a value of 2.83 GPa,
while the nanocomposites” values ranged from 1.94 GPa with 0.5% biochar to 1.09 GPa
with 10% biochar.

4.3.2. Flame Retardants

Chollet and his group [273] examined for the first time the use of Lgn-NPs as a flame-
retardant additive for PLA. Nanoparticles were grafted using diethyl chlorophosphate
(LNP-diEtP) and diethyl (2-(triethoxysilyl)ethyl) phosphonate (LNP-SiP) to enhance their
flame-retardant effect in the PLA matrix. In brief, they found that phosphorylated lignin
nanoparticles restrained the PLA degradation during melt processing and the nanocompos-
ites were shown to be relatively thermally stable. Even at a low concentration (5 wt.%), the
grafting of phosphorus on the surface of Lgn-NPs enables a significant increase of ignition
time as well as a reduction of peak of heat release rate (pHRR).

4.3.3. Pesticides

In an attempt to reduce the groundwater contamination induced by traditional pes-
ticides, leading to ecosystem destruction and food pollution, the group of Yu et al. [274]
developed abamectin nanopesticide (Abam-PLA-Tannin-NS) and azoxystrobin nanopes-
ticide (Azox-PLA-Tannin-NS) with strong adhesion to foliage via chemical modification.
Hydrogen bonding was mainly responsible for the interaction between TA-coated NPs and
the foliage. Abam-PLA-Tannin-NS and Azox-PLA-Tannin-NS exhibited better photostabil-
ity and excellent continuous sustained release. The retention rates of Abam-PLA-Tannin-NS
and Azox-PLA-Tannin-NS on the foliage surface were outstandingly improved by more
than 50%, compared with untreated nanopesticides due to affinitive binding. Resultantly,
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the indoor toxicity of Abam-PLA-Tannin-NS and antifungal activity of Azox-PLA-Tannin-
NS were enhanced.

4.3.4. Implantable Medical Devices

Liao et al. [275] prepared filaments from PLA and acetylated tannin (AT) via a twin-
screw extruder for 3D printing. The acetylation of tannin contributed to its well dispersion
within the PLA matrix, guaranteeing the successful fabrication of PLA/AT composite
filaments. Experimental results suggest that PLA can be compounded with up to 20 wt.%
AT without any visible deterioration in the tensile property. The resulting composites
acquired a better degradation rate in aquatic systems compared with neat PLA, especially
in an alkaline medium. Moreover, the incorporation of various AT contents induced
no noteworthy effects on the T, and Tg of PLA because it has little influence on the
intermolecular interactions or the chain flexibility of PLA polymer chains. A decrease of
crystallinity was found in PLA /AT composites, leading to degradation rates in aquatic
systems, particularly under alkaline environments, which would be beneficial in short-term
applications such as implantable devices in the biomedical field.

The same group successfully prepared an entire biocomposite based on PLA and
tannin acetate via in situ reactive extrusion using dicumyl peroxide (DCP) to enhance the
interfacial adhesion [276]. The developed composites exhibited higher molecular weight
as compared with reactive extruded PLA, together with a higher Young’s modulus and
tensile strength. A rheological study showed that reactive extruded PLA /tannin acetate
composites exhibited higher complex viscosity and modulus storage, indicating the strong
interfacial adhesion of PLA matrix and tannin acetate. Moreover, Tg, thermal stability,
and crystallinity degree were all enhanced due to better interaction by radical initiated
polymerization. Contact angle data revealed a more hydrophobic characteristic of the free
radical extruded composites compared with pure PLA, which might be interesting for food
packaging applications.

4.3.5. Heavy Metals Removal

Kian et al. [277] also prepared PLA /PBS dual-layer membranes filled with a 0-3 wt.%
cellulose nanowhisker (CNWs) with aim to remove metal ions from wastewater. The
increase in CNWs from 0 to 3% loadings improved the membrane porosity (43-74%) but
reduced pore size (2.45-0.54 um). The thermal stability of neat membrane was enhanced
by 1% CNW but decreased with loadings of 2 and 3% CNWs due to the flaming behavior
of nanocellulose. Nanocomposites with 3% CNW displayed the highest tensile strength
(23.5 MPa), Young’s modulus (0.75 GPa), and elongation at break (7.1%) as compared to
other samples. Moreover, it exhibited the highest removal efficiency for both nickel and
cobalt metal ions reaching 84% and 83%, respectively.

4.3.6. Optical Applications

Geng et al. [278] synthesized PLA nanocomposites with poly(ethylene glycol) (PEG)-
grafted cellulose nanofibers through a uniaxial drawing method to improve the dispersion
ability of nanocellulose in the PLA matrix. With the incorporation of the PEG-grafted
nanocellulose in PLA, the ultimate strength and toughness were enhanced by 39% and
70%, respectively, as compared to the nanocomposite containing unmodified cellulose
nanofibers. Moreover, the aforementioned nanocomposites were highly transparent and
possessed an anisotropic light scattering effect, revealing its significant potential for optical
applications such as solar cells and displays.

4.3.7. Outdoor Usages

Ghasemi et al. [279] synthesized PLA/NC composites through melt mixing using
malleated PLA (PLA-g-MA) as a compatibilizer to facilitate the interaction between NC and
the matrix. The morphology studies showed that a relatively good dispersion of NC was
achieved within the PLA matrix in the presence of malleated PLA. However, mechanical
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studies pointed out that adding NC did not improve the impact strength of the nanocom-
posites compared to neat PLA, while using PLA-g-MA improved the nanocomposites’
impact strength significantly. In particular, with regard to samples containing 5% wt of
PLA-g-MA, this increment would be 131% [280].

4.4. Nanoceramics
4.4.1. Medical Applications

As previously stated, nanoceramics are extensively studied for medical applications
because they are comparable to native bone mineral, exhibit high biocompatibility and
have positive biological effects after implantation.

Specifically, Canales et al. [167] prepared PLA dense films with incorporated bioglass
NPs via the melting process, at concentrations 5, 10, and 25 wt.%, obtaining nanocomposites
with mainly a uniform distribution of nanometric particle agglomerates, although isolated
particles could also be detected. This high level of particle dispersion demonstrates a good
interaction between the polymer and nBGs, partially compensating the particle/particle
interaction. The presence of nBGs increased the stiffness of the polymer matrix since the
Young’s modulus increased with the increase of the nBGs content, and the 25 wt.% loading
exhibiting the maximum value, about 52.6% higher than neat PLA. It was observed by
thermal studies that although Tg did not show any significant change with the nanoparticle
incorporation, the crystallization temperature decreased by 12.9 °C with the 25 wt.%
nBGs loading, indicating that nanoparticles disrupted both the regularity of the PLA
and therefore the crystallization process. The presence of nanoparticles also decreased
the thermal stability of the PLA matrix, as nanocomposites presented up to about 20 °C
lower degradation temperatures in a nitrogen atmosphere. The bioactive capacity of the
PLA/nBGs composites increased with the increase of nanoparticles content, from 5 to
10 wt.%, inducing the formation of an apatite layer on the sample’s surface with a Ca/P
ratio of 1.47, confirming the development of nBGs. However, the 25 wt.% loading PLA
composite barely presented antibacterial behavior but exhibited higher viability on HeLa
cells (cervical uterine adenocarcinoma cell line) compared to neat PLA.

Castro et al. [281] prepared fibrous scaffolds from PLA and ceramic nanobioglass
(PLA/nBGs) at 5 and 10 wt.%. They observed a uniform distribution of the nBGs within the
polymeric matrix and the increase in the concentration of the nBGs did not affect its internal
sponge structure. Additionally, they noted that the incorporation of nBGs improved the
thermal stability of the PLA due to the hydrogen bonds between the carbonyl group of the
PLA and the hydroxyl groups of the nBGs and van der Waals interactions. Nanocomposites
with 5 wt.% and 10 wt.% nBGs content exhibited a decrease in crystallinity by 71.8 and
71.1%, respectively. This decrease took place because nanocomposites do not have compact
crystal lattices, with nucleation predominating on the material’s surface. The results from
the biological analysis concluded that the incorporation of the nBGs did not affect the
cell viability of HeLa cells. In the case of subdermal implantation analyses in biomodels,
reabsorption was very slow, showing a significant presence in the material even three
months after implantation, with an inflammatory response and an inflammatory capsule.
Those changes helped the nanocomposites have higher reabsorption in the subdermal
tissues than neat PLA, without affecting their biocompatibility. In addition, the nBGs
induced the antimicrobial activity of Gram-positive and Gram-negative bacteria (e.g.,
Escherichia coli, Vibrio parahaemolyticus, and Bacillus cereus) at high concentrations of
20 w/v%, using the TTC method.

Esmaeilzadeh et al. [282] investigated the in vivo properties of PLLA /PCL/nBGs com-
posites for a period six months for application to bioscrews. The in vivo results from the
implants inserted on canine models indicated that the weight losses of the PLLA /PCL/n-
BG composite and the PDLLA /PCL blend were approximately 60 and 70%, respectively.
Moreover, the obtained histological images of the animal model after six months of implan-
tation distinguished the formation of the new bone within the implanted area, while no
osteitis, osteomyelitis, or structural abnormality were observed. They attributed the lower
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degradation rate of the nanocomposite compared to that of the neat blend implants to the
presence of nBGs and their appropriate distribution throughout the PDLLA /PCL matrix.
Further, it was proved that nBGs prevented the migration of the products resulting from
PDLLA and PCL degradation. The acidity of the implants was caused by the acid release
from products that were neutralized by the releasing of Ca-P ions of nBGs.

Macha et al. [283] developed PLA /3-aminopropyltriethoxysilane (APTES) nanosurface-
modified nBGs composites via the solution casting method with different nBGs loadings
(0.1, 0.5, and 1%). The modified nBGs provided better bonding between the amine groups
of the APTES and carbonyl groups in the PLA matrix resulting in improved interfacial
adhesion compared to composites with untreated particles. In addition, an improvement
in elongation at break was detected, which indicated that nBGs modified by 1% APTES sig-
nificantly influenced the percentage elongation of the PLA/BG nanocomposite at fracture
by the effect of surface treating.

Hydroxyapatite (HAp) is the most emerging bioceramic, which is widely used in
various biomedical applications, mainly in orthopedics and dentistry due to HAp having
close similarities with the inorganic mineral component of bone and teeth.

Morsi et al. [284] filled the PLA matrix with iron-doped nHAp (FeHA NPs) in different
mass fractions (PLA /FeHA NPs wt.%: 90/10, 80/20, and 70/30) via the solution casting
technique for tissue engineering applications. The FI-IR results demonstrated that FeHA
NPs were linked with PLA via hydrogen bond formation between OH of Ca(OH), and
oxygen atoms in the ester group in PLA, which contributed to a better interface behavior.
The inclusion of 10 wt.% FeHA NPs displayed the highest value of elastic modulus at
330 MPa, 28 MPa higher than the neat polymer.

Toong et al. [285] evaluated the nanocomposite formulations of nHAp and L-lactide
functionalized nHAp and LA-nHAp with PLLA as potential thin-strut bioresorbable scaf-
folds. Functionalized nanofillers/PLLA exhibited improved nanofiller dispersion, and
issues such as agglomeration and poor matrix/filler integration were mitigated. The uni-
form dispersion of nHAp improved the mechanical properties. Specifically, it was observed
that the ultimate tensile strength of 10 wt.% nHAp/PLLA and 10 wt.% LA-nHAp/PLLA
improved by 31.96 and 75.02 MPa, respectively, compared to neat PLLA, while 10 wt.% and
15 wt.% loadings of LA-nHAp in the matrix resulted in the highest values of elongation
at break.

Michael et al. [169] modified nHAp using three different surface modifiers namely,
3-aminopropyl triethoxysilane (APTES), sodium n-dodecyl sulfate (SDS), and polyethylen-
imine (PEI) to improve the dispersion capacity of nHAp in the PLA matrix. The addition of
5 wt.% nHAp treated with APTES and SDS to the PLA matrix eliminated the presence of
voids and agglomeration but increased the content of modified nHAp to 30 wt.%, which
caused the nanofillers” agglomeration. Similar behavior was observed in the modified
nHAp with PEIL In addition, after the nHAp treatment with APTES and SDS, the tensile
strength of PLA-5 wt.%-modified nHAp improved by 9 and 5 MPa, respectively, compared
to the unmodified nHAp composite. On the other hand, treating nHAp with PEI caused a
decrease of the tensile strength by 9 MPa compared to neat PLA. Similarly, PLA composites
with APTES-nHAp and SDS-nHAp attained an improved tensile modulus of 8.5 and 2.4%
in comparison with PLA neat, while PLA with PEI-nHAp recorded a decrease of 17.6%.
This general improvement in tensile properties can be attributed to the improved inter-
action and homogenous dispersion of the modified nHAp in the PLA matrix. However,
increasing modified nHAp loading to 30 wt.% caused the tensile strength to drop by 34%
(APTES), 29.6% (SDS), and 40.5% (PEI), respectively, due to the presence of agglomeration.

Ziaee et al. [286] investigated the effect of HA and yttria-stabilized zirconia (YSZ),
an inert and biocompatible ceramic with high bending and compressive strength and
toughness, as bone tissue engineering scaffolds. An SEM analysis of the PLLA-HA-YSZ
nanocomposites revealed a highly interconnected porous structure for all the scaffolds.
The introduction of YSZ to the nanocomposite led to a significant increase in compressive
strength, modulus, and densification strain due to toughening mechanisms and zirconia
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phase transformation from the tetragonal to the monoclinic. In addition, flexural strength
and modulus showed an upward trend by the addition of YSZ particles to the scaffolds.
It should be noted that PLA-20%HA-20%YSZ indicated the highest strength (0.47 MPa)
and modulus (5.1 MPa) in both the compression and bending tests, although it did not
demonstrate the proper strain compared to other scaffolds. Thus, PLA-15%HA-15%YSZ
has been reported as the best candidate due to its appropriate strength and strain.

Ghassemi et al. [287] investigated the effect of adding different contents of nHAp
on the mechanical properties of PLA/thermoplastic polyurethane (PLA/TPU) blends.
They found that the addition of nHAp improved the interfacial properties, homogeneity,
and compatibility of the blends. The 5wt.% nHAp-loaded nanocomposite indicated the
highest tensile strength and modulus, i.e., an improvement of approximately 14 and 36%,
respectively, compared to the PLA/TPU neat blend. On the other hand, the elongation at
break of the blend diminished by the enhancement of the content of nHAp. They attribute
this reduction to the fact that polymer chains were entrapped into HAp nanoparticles, which
diminished the mobility of polymer chains because of the interactions. They also noted
that another reason behind the decrease in the elongation-at-break was the introduction of
stiff mineral nanoparticles, leading to stiffening of the blend nanocomposite.

Rahman et al. [288] examined the inclusion of chitosan and gelatin in a
PLA /nanohydroxyapatite composite (GEL-CS-PLA/nHA), and discovered that the
5% nHAp-containing composite is the one most compatible with osteoconduction since it
displayed a pore diameter of 125 um, while the composites with 10%, 15%, and 20% nHAp
revealed a smaller pore size in the range of 1528 um. Additionally, the addition of
10% nHAp in the GEL-CS-PLA blend showed the best compressive strength results as it was
increased by 15.3% compared to the virgin blend. These results were due to the good disper-
sion of nHAp into the GEL-CHT-PLA blend and the compact morphology and less porous
structure of nanocomposites. Regarding the thermal properties, the 10% nHAp-loading
scaffold presented the greatest thermal stability (90-94% degradation at a temperature
of 600 °C), while antibacterial and cytotoxicity test results revealed that the composite is
resistant towards microbial attacks and has low sensitivity in cytotoxicity.

Yan et al. [289] prepared PLA /PBAT (poly(butylene adipat-co-terephthalte)) /n-HA /MCC
(microcrystalline cellulose) composites through physical blending. Good nanoparticle dis-
persion was observed when the nHAp content was lower than 6 wt.%, while obvious
agglomeration of nHAp appeared by the addition of 10 wt.%. The tensile test demonstrated
that by increasing the nHAp content, the tensile strength decreased gradually. However,
the addition of 2 wt.% nHAp displayed the highest tensile strength compared with the
other composites but was still lower than neat PLA /PBAT. This was because the addition of
nHAp gradually increased the distance between the continuous phases of the material and
weakened the interaction between the macromolecular chains. However, an improvement
in thermal stability was observed along with the increase of the nHAp content from 2 wt.%
to 10 wt.%.

The effect of integrating small amounts of nHAp (0.5, 1 and 3 wt.%) in a PLA/PCL
(70:30 wt.%) blend was studied by Peponi et al. [290]. They found that the neat polymer
blend reached elongations at break up to 200% due to the plasticizing effect of PCL on
the PLA/PCL matrix, and these values were maintained for the nanocomposites up to
1 wt.% of nHAp, while the stretchability strongly decreased for the highest amount of
nHAp (3 wt.%). Regarding the thermal properties of nanocomposites, they proved that
the lowest amount of nHA (0.5 wt.%) did not produce significant changes on the thermal
degradation process of nanocomposites. Higher amounts of nHA (1 wt.%) improved the
thermal degradation of the PLA /PCL blend. Nevertheless, it should be highlighted that
there was no degradation at temperatures below 200 °C which is the highest temperature
used during processing.

Zhang et al. [168] reported uniform, high-quality oil-soluble HAp nanorods pre-
pared by an innovative oleic acid (OA)-assisted mixed-solvent thermal method. The HAp
nanorods were dispersed in PLA by a solution method in four concentrations (1, 3, 5,
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and 7 wt.%), followed by hot pressing to form nanocomposites films. As it turned out,
the HA nanorods dispersed homogeneously as single particles without aggregation in
the PLA matrix, which was attributable to the presence of an OA monolayer on the HA
nanorods” surface. Adding 3 wt.% HA nanorods elongation at break of the composites
showed an increase of 4.55% compared to pure PLA, while 5 and 7 wt.% displayed a similar
behavior to the neat polymer. This decrease was attributed to the higher crystallinity and
crystal density. In addition, the 1 wt.% HA nanocomposite presented the highest tensile
strength value, while the 3 wt.% displayed the highest Young’s modulus. However, the
improvement of mechanical properties of PLA by the HA nanorods was not excellent, due
to the low filler content and low length to diameter ratio o (L/D = 67.48).

Mondal et al. [291] used the 3D printing process to prepare scaffolds based on PLA and
nHAp-modified PLA for medical applications. They concluded that the HAp nanoparticle
accumulation on PLA scaffold surface enhanced its surface roughness and controlled the
porosity. Specifically, the porosity of 3D-printed scaffolds with nHAp was decreased by
5-9%, compared to the neat PLA scaffold and SEM results (Figure 24), which confirmed
the good distribution of nHAp on the PLA surface. The maximum compressive stress was
detected in printed PLA-nHAp scaffolds at approximately 25 MPa, which was higher than
the neat PLA scaffold. A thermogravimetric analysis revealed a significant thermal stability
improvement after the addition of nHAp, considering that the maximum weigh loss was
approximately 6.75% for PLA-nHAp and around 97% for PLA scaffolds. Additionally,
it was found that cell attachment was highly influenced by the interaction of nHAp on
the PLA scaffold surface, adsorbing proteins and facilitating cellular activity. On the
contrary, the fabricated PLA scaffolds showed very poor cell attachment and proliferation
on their surface.
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Figure 24. Three-dimensional-printed scaffolds destined for tissue engineering applications. The top
view shows the schematic drawing from Solidworks 2016 (Dassault Systemes, Vélizy-Villacoublay,
France). The bottom view shows the original SEM image of the 3D-printed scaffold (MakerBot Z18
3D printer, New York City, New York, USA) [291].

In a similar case, Swetha et al. [292] fabricated 3D-printed PLA /Gel scaffolds and
their surface was treated with Mg-nHAp in varying concentrations. Three-dimensional-
PLA/Gel/Mg-nHAp scaffolds presented a uniform interconnected porous architecture.
However, the porosity of the prepared scaffolds was decreased by the increasing of
Mg-nHAp content (from 0.5 wt.% to 1.5 wt.%). The biological analysis showed that
PLA /Gel/Mg-nHAp scaffolds exhibited improved protein adsorption in 24 h when com-
pared with three-dimensional-PLA, which was attributable to their suitable porous ar-
chitecture, as well as the presence of organic and inorganic components mimicking the
biological bone matrix and apatite. It was also revealed that the PLA/Gel/Mg-nHAp

79



Polymers 2023, 15, 1196

\

Composite materials

7 X\

three-dimensional-scaffolds were non-toxic, proving that the addition of Mg-nHAp had no
influence on cell growth.

Wang et al. [55] discovered the capacity of PLA with nHAp (at a content of 0%, 10%,
20%, 30%, 40%, and 50%) to be 3D-printed in medical applications (Figure 25). The results
showed that the PLA/nHAp composite had a stable structure, and the processing of this
material was highly controllable. When the proportion of nHAp was greater than 50%, the
composite material could not pass through the printing nozzle coherently and stably due
to its high brittleness. When the nHAp ratio was less than or equal to 50%, the composite
filament material could be printed by FDM. They also noticed a gradual change on the 3D-
printed PLA /n-HA scaffolds’ surface from smooth to rough, as the nHAp ratio increased
from 0% to 50% due to the appearance of a large number of convex and concave structures
on the surface, which increased the surface area of the scaffold. After applying the 3D
printing process to PLA/nHAp composites, the printed samples with 0% to 30% nHAp
could still maintain the integrity of the structure after the pressure test, which proved that
these samples maintained their elasticity. However, when the n-HA ratio reached more than
40%, the printed sample became brittle and could not maintain a complete its shape after
compression. Nevertheless, the mechanical properties of all the PLA-printed scaffolds with
the integration of nHAp were much higher than that of the pure HA porous ceramic and
natural human cancellous bone. The biocompatibility and osteogenic induction properties
were proven to be better than that of the pure PLA scaffold.
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Figure 25. Schematic illustration of preparation and application of PLA /n-HA scaffolds for bone
regeneration. The PLA /n-HA composite material was prepared by the wet mixing method, and
the 3D-printed composite scaffold was made by PLA /n-HA filament. The material characterization
and in vivo and in vitro experiments of the composite materials successively verified the sufficient
mechanical strength and non-toxicity suitable for the promotion of the repair of bone defects [55].

4.4.2. Agricultural

Hajibeygi and Shafiei-Navid [293], taking advantage of nHAp’s surface functional
groups such as P-OH and Ca-OH, used a new synthesized organic additive containing
a-amino phosphonate and a naphthalene ring (PDA) as an organic modifier of HA NPs
in order to increase the compatibility between PLA and nHAp. The presence of PDA led
to improved dispersion of nHAp in the PLA matrix, while with the incorporation of only
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2 wt.% nHAp and 6 wt.% PDA, the nanocomposite’s tensile strength was demonstrated to
be 51 MPa higher than neat PLA. The initial decomposition temperature and char residue
of PLA containing 6 wt.% PDA along with 2 wt.% nHAp were increased by 20 °C and
12%, respectively.

4.5. PLA/Nanoclays
4.5.1. Food Packaging

Ramesh et al. [186] prepared PLA nanocomposites with 30% treated aloe vera fibers
and 0, 1, 2, and 3 wt.% nanoclay fillers (PLA-TAF-MMT). They noted that the addition of
1 wt.% MMT in the PLA matrix acted as a fine bonding agent between the fibers and the
matrix by the bonding of nano-matrix. On the other hand, the increased content of MMT
clay (2-3% wt) showed an uneven surface, small voids, and agglomerations. The morphol-
ogy of nanocomposites effected their mechanical properties. Specifically, the addition of
1 wt.% MMT in PLA improved the tensile and flexural modules by 18.84% and 60.95%,
respectively, more than virgin-PLA. They attributed the increase in mechanical properties
to the fact that the incorporation of MMT clay in PLA reduced micro-voids, presented
uniform dispersion, and improved interaction, compatibility, and adhesion between the
nano-matrix. On the contrary, the high amount of nanoclays (2-3% wt.) diminished the
mechanical properties of PLA nanocomposites. The decomposition temperature increased
by increasing the amount of MMT in the PLA matrix; this enhancement to the MMT clay
acted as a barrier to the oxygen, constrained the mobility to the chain, and slowed down
the decomposition process.

Similar results were presented by Othman et al. [180], who synthesized PLA nanocom-
posites incorporating different types (montmorillonite (MMT) and halloysite) and concen-
trations (0-9 wt.%) of nanoclays. PLA with 3 wt.% concentration of nanoclays resulted
in the optimum mechanical and oxygen barrier properties due to the strong interaction
between nanoclays and the PLA matrix. The incorporation of 3 wt.% nanoclays MMT
and Halloysite in the PLA matrix raised the Young Modulus values to around 77% for
PLA/MMT (2554 MPa) and 50% for PLA /Halloysite (2158 MPa) in comparison to the
Young Modulus of neat PLA (1439 MPa). Nevertheless, these properties were decreased as
more nanoclays (>5 wt.%) were added into the films due to the aggregation of nanoclays.
PLA/MMT nanocomposites showed better properties than PLA with halloysite nanoclays
due to the nanoclay structure in nature. The addition of 3 wt.% nanoclays into virtually
transparent PLA film had only minor effects on the transparency of the material as the
reduction in light transmittance was only around 10%.

Alikarami et al. [26] researched the gas permeability of PLA /Cloisite-30B nanoclays
composites for food packaging applications. They found that the addition of Cloisite-
30B reduced the oxygen permeability by 55% compared to the pristine blend due to the
tortuosity effect of nanosheets that were appropriately dispersed in the matrix. These results
were confirmed by Salehi et al. [294], who synthesized poly(propylene) (PP)/PLA /nanoclay
(Cloisite-30B) nanocomposite films and investigated their barrier properties against CO,,
O,, and Nj.

4.5.2. Engineering Applications

Montava-Jorda et al. [192] prepared PLA composites with different halloysite nanotube
(HNTs) loadings (3, 6, and 9 wt.%) with the presence of PVA compatibilizer for further uses
as carriers for active compounds in medicine, packaging, and other sectors. The obtained
results indicated a slight decrease in elongation at break as well as in tensile and flexural
strength, with both properties being related to material cohesion; however, the reduction
in mechanical properties was less than 7%. On the contrary, the stiffness increased with
the HNTs content. Additionally, they noted that HNTs did not affect the glass transition
temperature with invariable values of about 64 °C or the melt peak temperature. On the
contrary, nanoclays moved the cold crystallization process towards lower values, from
112.4 °C for neat PLA down to 105.4 °C for the composite containing 9 wt.% HNTs.
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Alakrach et al. [295] illustrated a similar trend with the addition of natural HNTs,
proving that a small quantity of HNTs operated as plasticizer of PLA, which dispersed the
impact energy during the break. Specifically, it was found that the incorporation of 4% wt
HNTs increased the tensile strength by 43% and the elongation up to 4 wt.% compared to
the neat PLA. However, Eryildiz et al. [295,296] proved that a lower amount than 4 wt.%
HNTs in PLA was also able to increase the mechanical properties. Specifically, 0.5 wt.%
HNTs in PLA raised the tensile strength about 50% and the elongation about 70%; as well,
the addition of 2 wt.% modified HNTs improved the tensile strength to 15.3% and the
elongation at break to 18.6%, greater than that of neat PLA. Moreover, Nizar et al. [297]
researched the thermal properties of PLA/HNTs composites and they showed that the
thermal stability of nanocomposites was reduced with the increasing addition of HNTs
(5-8% wt) due to the presence of HNTs agglomerates in the PLA matrix. The uneven
uniformity dispersion of nanoclays increased the thermal degradation of nanocomposites
as the space between PLA and HNTs allowed the volatile pyrolyzed products of PLA to
accumulate, thereby accelerating their degradation. Another research group melt mixed
PLA with poly(ether-ester) elastomer (TPEE) and three loadings of BTN (1, 3, and 5% wt)
bentonite (BTN) on a twin screw extruder, which was then injection-molded to improve the
mechanical and thermal properties of PLA [298]. The Young’s modulus, impact strength,
tensile strength, and thermal stability of all the prepared blends were enhanced, while the
elongation at break deteriorated. Among the three PLA nanocomposites, the one with 1% wt
BTN formed exfoliated structures, and therefore presented the highest elongation at break,
tensile strength, and impact strength compared to the other synthesized nanocomposites.

5. Conclusions

The current review focuses specifically on the latest development of PLA-based
nanocomposites. The demand for eco-friendly and sustainable products, exploitation
of biobased feedstock, consideration of recycling routes, rising of oil price, and restrictions
for the use of polymers with a high “carbon footprint” has paved the way for the swift
expansion of biobased polymers. In this respect, PLA has been the most popular and
promising of these biobased polymers due to its attractive renewability, biodegradability,
and relatively low cost. Moreover, very recent studies underlined the huge potential of
PLA in the case of higher added value for engineering applications, i.e., in food packaging,
electronic and electrical devices, transportation, and mechanical and medical devices. Nev-
ertheless, the PLA matrix must be improved in terms of thermal resistance, heat distortion
temperature, and rate of crystallization while exhibiting some other specific properties
(flame-retardancy, antistatic to conductive electrical characteristics, anti-UV, mechanical
robustness antibacterial or barrier properties, etc.) to meet with end-user high demands.
As presented in the current review paper, numerous nanofillers have been investigated
towards that goal in order to prepare high-performance PLA-based nanocomposites using
a variety of preparation methods.

Natural nanocompounds such as lignin and tannin NPs are especially suitable for
active packaging applications since they accelerate the disintegration of PLA films and
provide antioxidant and antimicrobial properties to prepared films. Incorporation of nano
MgO imparts oxygen scavenger properties, limits oxidation, and enhances the shelf-life of
foods, while ZnO NPs increase the UV shielding of food packaging films. Fabrication of
PLA/TiO, nanocomposites can be successfully employed for the photocatalytic removal of
organic compounds from water streams. On the other hand, the addition of carbon-based
fillers, such as CNTs and graphene, could boost the mechanical performance and electric
properties of PLA-based materials in sensors and EMI shielding. Moreover, the capability
of PLA-fullerenes nanocomposites to form supramolecular complexes with different types
of molecules can be exploited in the development of organic photovoltaic cells.

Although a significant amount of research has been conducted on PLA nanocompos-
ites, much work in certain fields is still required. The dispersion within the PLA matrix
and the application of totally “green” pathways and techniques pose a great challenge to
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academic societies and industries. Taking into consideration the above, it can be concluded
that, undoubtedly, PLA-nanocomposites are currently under extensive investigation and
their commercial utilization is rapidly catching up. Lastly, in-depth knowledge of these
PLA nanocomposites will result in a new dimension in sustainable material development
for numerous applications.
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Abstract: Diabetic wounds are one of the serious, non-healing, chronic health issues faced by individ-
uals suffering from diabetic mellitus. The distinct phases of wound healing are either prolonged or
obstructed, resulting in the improper healing of diabetic wounds. These injuries require persistent
wound care and appropriate treatment to prevent deleterious effects such as lower limb amputation.
Although there are several treatment strategies, diabetic wounds continue to be a major threat for
healthcare professionals and patients. The different types of diabetic wound dressings that are cur-
rently used differ in their properties of absorbing wound exudates and may also cause maceration to
surrounding tissues. Current research is focused on developing novel wound dressings incorporated
with biological agents that aid in a faster rate of wound closure. An ideal wound dressing material
must absorb wound exudates, aid in the appropriate exchange of gas, and protect from microbial
infections. It must support the synthesis of biochemical mediators such as cytokines, and growth
factors that are crucial for faster healing of wounds. This review highlights the recent advances
in polymeric biomaterial-based wound dressings, novel therapeutic regimes, and their efficacy in
treating diabetic wounds. The role of polymeric wound dressings loaded with bioactive compounds,
and their in vitro and in vivo performance in diabetic wound treatment are also reviewed.

Keywords: diabetes; polymers; biomaterials; scaffolds; wound dressings

1. Introduction

Diabetes is a metabolic disorder that ranks as one of the top ten reasons for death
among the global population. The International Diabetes Federation (IDF) has reported
463 million diabetic cases in 2019, and this count is suspected to grow to 578 million in
2030 [1,2]. Diabetes mellitus (DM) occurs when the pancreas fails to secrete the necessary
amount of insulin required to maintain a normal blood sugar level in the human body.
A drastic rise in blood sugar level impairs the process of wound healing, and results
in chronic non-healing wounds, which may lead to hospitalization or lower extremity
amputation [3]. In diabetic patients, the different phases of wound healing are hindered by
various factors such as stalled expression of growth factors, metabolic insufficiency, and
reduced physiological response, which prolong the time required for wound recovery [1,3]
Diabetes is also connected with different types of illnesses such as chronic kidney failure,
cardiovascular disease, stroke, and peripheral neuropathy [4]. Moreover, changes in motor
and sympathetic functions may result in physical deformation of the feet due to extreme
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skin dehydration and wound formation [1]. A recent report states that almost 50 to 70%
of all limb amputations are due to diabetes, and one leg is removed every thirty seconds
among patients suffering from diabetes [3,5]. The management of diabetic wounds using
polymer-based dressing materials has gained a lot of attention among clinicians due to
their beneficial properties such as significant antibacterial, mechanical, and wound healing
properties [3]. This review highlights the recent advancements in natural and synthetic
polymer-based biomaterials for treating diabetic wounds.

2. Wound Healing—Physiology

Wound healing is an intricate biological process that occurs when there is a loss of
integrity in skin or body tissues [6]. Wound healing requires the involvement of different
types of cells, growth factors, enzymes, and various components of the extracellular matrix
for repairing and restoring damaged tissues and organs [3]. It occurs in four distinct stages:
haemostasis, inflammation, proliferation, and remodelling (Figure 1).
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Figure 1. Four different phases of wound healing.
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These four phases must proceed in an ordered fashion to avoid interruptions or
delays in wound closure [7]. Haemostasis is a process that begins immediately after an
injury to stop bleeding, and results in the formation of blood clots. During this event,
platelets aggregate at the wounded site owing to the interaction with proteins such as
collagen and fibronectin. Soluble fibrinogen is converted into insoluble fibrin to arrest
bleeding. The area surrounding the clot and damaged tissue produces growth factors and
pro-inflammatory cytokines that aid in efficient wound healing. When the bleeding has
stopped, the inflammatory phase is initiated, and this involves the migration of leucocytes
to the injured site to eliminate debris and infectious microorganisms [8]. This phase is
characterized by the sequential infiltration of distinctive kinds of cells such as macrophages,
neutrophils, and lymphocytes, which protect the wounded site from infections [9-11].
Macrophages play a vital role in all the stages of wound healing [12,13] as they release
cytokines that are responsible for inflammation, activation of leukocytes, and clearance
of apoptotic cells. As soon as apoptotic cells are cleared, macrophages are transformed
into a pro-regenerative state that activates fibroblasts and keratinocytes, resulting in the
regeneration of tissues. The proliferative phase is overlapped with the inflammatory phase,
which leads to the proliferation and migration of epithelial cells. Fibroblasts and epithelial
cells perform a vital task in the formation of collagen and granulation tissue at the site of the
wound. The main components of the extracellular matrix—collagen, glycosaminoglycans,
and proteoglycans—are synthesized by fibroblasts, and they play a vital role in the healing
of the wound. At the end of the proliferative phase, the wound healing process moves
into the final remodelling phase, which is characterized by the formation of granulation
tissue [9,14].

3. Wound Healing in Diabetes

The normal phases of wound healing are disrupted due to diabetes (Figure 2). Diabetic
wounds (Figure 3) continue to persist in the inflammatory phase, and the development of
matured granulation tissues is inhibited by the hindering of the initiation of the proliferative
phase in wound healing [3,15]. Intrinsic and extrinsic factors are involved in impairing
the healing of diabetic wounds. Continuous mechanical stress and recurrent trauma can
further deteriorate the healing process and result in ulcer formation [16,17]. Diabetic wound
healing is delayed due to various causes such as neuropathy, poor immunity, microbial
infection, oxygen deficit, and minimal activity of growth factors [3,7,18]. Numerous cells
such as macrophages, neutrophils, fibroblasts, lymphocytes, keratinocytes, mast cells,
and endothelial cells are actively involved in the normal wound healing process. Several
growth factors and cytokines are secreted by these cells, which perform a key role in
accelerating wound healing. Increased blood sugar level alters macrophage polarization,
which serves as one of the chief causes for impaired diabetic wound healing. Events such
as continuous secretion of pro-inflammatory cytokines, reduced angiogenic response [7],
decreased activity of neutrophils, macrophages, and fibroblasts, were observed in diabetic
wounds [19,20]. Diabetic wounds may also result in sensory disability towards temperature,
pressure, and lesions. Lack of pain and abnormal vasodilator autoregulation together
aggravate the process of wound healing [3]. Diabetic wounds may limit physical movement
and cause psychiatric stress and depression [15].
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4. Types of Diabetic Wound Dressings

Wound dressings quicken the process of wound healing by allowing water trans-
mission, providing a moist atmosphere, and aiding in improved granulation and re-
epithelialization. They can be incorporated with therapeutic molecules or anti-microbial
agents for efficient treatment of wounds [3]. The most commonly used diabetic wound
care products available on the market are Comfeel, Granuflex, and Duoderm. However,
serious concerns are raised about their use in treating infected wounds, as they may cause
maceration to the surrounding tissues that are present around the wound. Intrasite Gel
and Aquaform are two types of hydrogels that are used in wound treatment, but their use
in treating diabetic foot lesions are restricted in individuals with limb ischemia [21]. Even
though there are different types of commercially available diabetic wound dressings, the
percentage of exudate absorption varies between them, which demands the development of
new materials for treating different types of diabetic wounds. The new materials developed
must hold a perfect balance between therapeutic molecules and antibiotics that are used to
reduce healing time and the chance of formation of new ulcers [22].

The different forms of wound dressings (Figure 4) are as follows.
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Figure 4. Different types of wound dressings used for diabetic wound treatment.

(i) Films are transparent, sticky materials that are widely used in the field of wound
treatment. Their transparent nature assists in monitoring the healing of wounds without
disturbing the injured site and dressing material [23]. They allow the permeation of
gases including oxygen, water vapor, and carbon dioxide between the wounded site and
the environment [24]. Film-based dressing materials have various benefits such as high
flexibility and elasticity, and ease in fabricating them in the desired size and shape based
on the application [25].

(ii) Hydrogels are commonly used in tissue engineering and wound recovery. They
are formulated by the physical or chemical cross-linking of natural or synthetic polymers.
Due to their three-dimensional polymeric network, they have the ability to absorb a high
quantity of water molecules when compared with their dry weight. This property makes
them superior among all wound dressing materials as they can retain excessive moisture
content at the wounded site [26]. They can be fabricated in various forms and sizes, and
loaded with anti-microbial substances, cells, and growth factors for reducing the time
required for wound closure [27]. The ability of hydrogels to maintain a moist milieu helps
in promoting granulation and re-epithelization, which, in turn, results in the regeneration
of tissues.

(iii) Nanofibrous dressings are a group of nanofibers with sizes ranging from nanome-
tres (nm) to micrometers (um) [28]. Various strategies are employed to fabricate nanofibers,
but the electrospinning technique is one of the most extensively utilized methods due to its
enormous merits such as cost-effectiveness, ease, versatility, control of porosity, and tuning
of mechanical properties of nanofibers. Once applied on the wound, the nanofibers can
be removed easily without causing any damage to the applied site [29-31]. They can be
loaded with various bioactive molecules for treating non-healing wounds [32]. Nanofibers
have the ability to imitate the native extracellular matrix. They also offer an appropriate
environment for cell proliferation and adhesion for rapid healing of wounds [33].

(iv) Foam is a type of wound dressing material that is composed of both hydrophilic
and hydrophobic foam with bioadhesive boundaries [34]. The hydrophobic portion pre-
vents unnecessary entry of liquids into the wound bed but permits gaseous exchange
and water vapor permeation. The advantages of using a foam-based wound dressing are
that they can maintain appropriate moisture content and absorb excess volume of wound
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exudates [35]. Based on the thickness of the wound, foam has the ability to absorb different
amounts of wound exudates [36]. However, foams are inappropriate for dry wounds with
fewer exudates [37].

(v) Wafer-based wound dressings are extremely porous freeze-dried polymers that
have similar characteristics to those of foams. Wafers absorb the exudate of a wound and
transform it into a gel or viscous solution that provides a moist atmosphere [38]. A few
polymers including xanthan gum and sodium alginate have been used for the fabrication of
wafers for biomedical applications [39]. The wound exudate-absorbing property of wafers
helps in reducing fluid collection and microbial infection, which, in turn, aids in the quick
recovery of wounds.

(vi) Sponges are soft and flexible with interconnected pores. Due to their porous
nature, they have excellent swelling ability, which is an ideal feature of a wound dressing
material [40]. Different kinds of sponges have been fabricated with different types of
polymers for delivering therapeutic molecules for the efficient treatment of diabetic wounds.
Sponges have been proven to help in cell migration and prevent microbial infection at the
wound site [3]. Due to the presence of interconnected pores, sponges enhance the migration
of fibroblasts, which results in faster closure of wounds.

5. Polymeric Biomaterials

Although there have been numerous advancements in the area of wound healing,
the treatment of chronic wounds continues to be a major problem in patients suffering
from diabetic foot ulcers and other major injuries [41]. An ideal wound dressing material
must possess special features such as absorbing wound exudates, aiding in appropriate
exchange of gas, and protecting from microbial infections. They must also support in
the synthesis of biochemical mediators such as cytokines and growth factors that are
essential for the proper healing of wounds [42]. Bioactive compounds extracted from
natural sources have been investigated to understand their role in accelerating the process
of healing diabetic wounds. The study of natural materials in the form of wound dressing
has gained special attention because of their potency in inducing the formation of new
tissues. Synthetic polymers are also extensively used in treating diabetic wounds as they
exhibit excellent mechanical, bioinert, and biocompatible characteristics. Both natural
and synthetic polymeric biomaterials are considered as satisfactory wound dressings
due to their exceptional properties such as increased wound healing efficacy, less/no
immunogenicity, good mechanical strength, and biocompatibility. Table 1 shows the
different types of wound dressing materials prepared using both natural and synthetic
polymers. Herein, we discuss the various wound dressing polymeric biomaterials that are
used for treating diabetic wounds.

Table 1. Different types of polymeric biomaterial-based dressings.

. . Therapeutic ..
Authors Material/Dressings Compounds Applications Ref.
Polyvinyl Microbial-Infected DW
Ahmed et al. alcohol—Chitosan Zinc oxide NP Care [43]
nanofiber mats
Polyvinylpyrrolidone-
Cam et al. Polycaprolactone Pioglitazone DW Healing [44]
nanofibrous mats
Polyurethane—
Almasian et al. Carboxymethylcellulose Plant extract O.f Malva DW Treatment [45]
. sylvestris
nanofibers
Poly-N-
Chen et al. acetylglucosamine Polydeoxyribonucleotide =~ Diabetic Skin Ulcer [46]
nanofibers
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Table 1. Cont.

. . Therapeutic ..
Authors Material/Dressings Compounds Applications Ref.
. Polyethylene glycol— Human Epidermal Diabetic Ulcer
Choi et al. Polycaprolactone [47]
. . Growth Factor Treatment
hybrid nanofibers
. Polylactide-based . Chronic Wound
Cuietal nanofibers Doxyeycline Management [48]
Hydroxypropyl Methyl-
Grip et al. cellulose/Polyethylene B-Glucan DW Care [49]
oxide nanofibers
Polvethersulfon. Human umbilical cord
Kanji et al. olyetmersurone blood-derived CD34+ DW Management [50]
nanofibers
cells
Platelet-derived growth I
Lee et al. PLGA nanofibers factor, Vancomycin, Diabetic Infected [51]
e Wound Care
and Gentamicin
Lee et al. PLGA nanofibers Insulin DW Recovery [52]
Merrel et al. Polycaprglactone Curcumin DW Management [53]
nanofibers
Pinzon-Garcia et al. Polycaprglactone Bixin DW Healing [54]
nanofibers
. . Polycaprolactone—
Ran]bar-gfzilammadl Gum Tragacanth Curcumin DW Care [55]
’ nanofibers
Cellulose acetate Microbial-Infected
Shalaby et al. . Silver NP Diabetic Lesion [56]
nanofibers
Treatment
Zehra et al. Polycaprglactone Sodium Percarbonate DW Management [57]
nanofibers
PLGA—Collagen
Lee et al. scaffold membranes Glucophage DW Management [58]
PLGA—Cellulose
Zheng et al. nanocrystals nanofiber Neurotensin DW Care [59]
membranes
Cellulose acetate—Zein
Liu et al. composite nanofiber Sesamol DW Treatment [60]
membranes
Lee et al. PLGA membranes Metformin DW Healing [61]
N Dimethyloxalylglycine-
Ren et al. P oly-L-lactic acid loaded mesoporous DW Treatment [62]
fibrous membranes -
silica NP
Lobmann et al. Hyaluronic acid Human keratinocytes Diabetic Foot Wounds [63]
membranes
Poly(3-
. hydroxybutyrate-co-3- Cerium oxide
Augustine et al. hydroxyvalerate) NP/gelatin DW Treatment [64]
membranes
. Wound Dressing
Polyvinyl Connective tissue Membranes For
Augustine et al. alcohol—Polylactic [65]

acid hybrid membranes

growth factor

Diabetic Lesions And
Chronic Ulcers
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Table 1. Cont.

. . Therapeutic ..
Authors Material/Dressings Compounds Applications Ref.
Arantes et al. Chitosan films R.etl.nom acid / s olid DW Healing [66]
lipid nanoparticles
Arul et al. Collagen films Blotmylatfed GHK DW Dressing [67]
peptide
Inpanya et al. Fibroin films Aloe gel DW Management [68]
Polyvinylpyrrolidone—
Kim et al. Polyvinyl alcohol Sodium fusidate Wound Healing [69]
films
Mizuno et al. Chitosan films Fibroblast growth DW Healing [70]
factors
Song et al. Cellulose films Selenium Cutaneous DW Healing [71]
Sodium alginate N
Tan et al. hydrocolloid films Vicenin-2 DW Management [72]
Polyvinyl
Tong et al. alcohol—Cellulose Curcumin DW Care [73]
anocrystal films
Cellulose—Polyvinyl Propolis and/or
Voss et al. alcohol films Vitamin C DW Management [74]
Wi et al. Silk F1bro%n—Ch1tosan Adipose-derived stem DW Care [75]
films cells
Da Silva et al. Hyaluronic acid Human adipose stem Diabetic Foot Ulcer [76]
spongy hydrogels cells
. Sodium carboxymethyl- Fern extracts (Blechnum Diabetic Ulcer
Lai et al. cellulose ) . [77]
orientale Linn.) Treatment
hydrogels
Lietal. Hydroxya.ipatlte/Chltosan Exosomes (SMSCs-126) DW Treatment [78]
composite hydrogels
Chitosan—
Masood et al. Polyethylene glycol Silver NP DW Healing [79]
hybrid hydrogels
Shi et al. Chitosan—Dextran Silver NP DW Treatment [80]
hydrogels
Thangavel et al. Chitosan hydrogels L-glutamic acid DW Healing [81]
Poly (y-glutamic acid)—
Zhang et al. Heparin—Chitosan Superoxide dismutase DW Treatment [82]
composite hydrogels
Silver nanoparticles
. and Recombinant Bacteria-Infected DW
Choi et al. Polyurethane foams Human Epidermal Management [83]
Growth Factor
Recombinant Human
Pyun et al. Polyurethane foams Epidermal Growth DW Treatment [84]
Factor
Sodium
Atia et al. alginate—Gelatin Diosmin nanocrystals DW Healing [85]
wafers
Hyaluronic .
. . . . . Wound Dressing for
Anisha et al. acid—Chitosan Silver nanoparticles Diabetic Foot Ulcer [86]
sponges
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Table 1. Cont.

. . Therapeutic N
Authors Material/Dressings Compounds Applications Ref.
Lipsky et al. Collagen sponges Gentamicin Diabetic Foot Ulcer [87]
Fibrin nanoparticles
Chitosan—Hyaluronic incorporated with Wound Dressing For
Mohandas et al. acid composite sponges vascular endothelial DW [88]
growth factors
. . . Gingival mesenchymal
Shi et al. Chitosan—Silk hybrid stem cell-derived DW Healing [89]
sponges
exosomes
Chitosan—Collagen Recombinant Human
Wang et al. 0sa 0 orage Acidic Fibroblast DW Healing [90]
Sponges Growth Factors
. . . Wound
Xia et al. Chltossarcl)rclorer;posne %Eﬁze?r?;};ir;naﬁg;i? DressingMaterial for [91]
pong ° p Diabetic Chronic Injury
Hyaluronic .
Kondo et al. acid—Collagen Epidermal growth DW Healing [92]
factors
sponges
Ciprofloxacin and
Raveendran et al. Chitosan bandages Flu'c o.naZO.I < DW Management [93]
containing Fibrin
nanoparticles
Sodium facton, carciin, and
Mohanty et al. alginate—Chitosan ’ ! DW Healing [94]
mesenchymal stem
bandages
cells
Kumar et al. Chltosa}n hydrogel Zinc 0x1.de Wound Dr.essmg [95]
composite bandages nanoparticles Material

NP—nanoparticles; PLGA—polylactic-co-glycolic acid; DW—diabetic wound.

5.1. Natural Polymers

Natural biomaterials are considered to be suitable candidates for preparing wound
dressing material due to their exceptional properties such as less/no immunogenicity
and good biocompatibility. They also serve as satisfactory matrices for cells that play
imperative roles in the process of wound healing. Some of the widely accepted natural
products extracted from natural sources that are widely used as wound dressing material
are collagen, gelatin, fibrin and silk proteins.

5.1.1. Collagen

Collagen provides integrity to human skin and serves as a principal component of the
extracellular matrix (ECM) [96]. It is abundantly present in bones, ligaments, and tendons.
It has distinctive properties such as excellent biocompatibility, thermal stability, mechanical
strength, and low immunogenicity [97,98]. Collagen plays a vital role in haemostasis as it
interacts with the platelets that are deposited at the site of wound through chemotaxis [99].
It mediates various pro-regenerative physiological interactions that are responsible for
wound healing. Collagen is extensively used as a matrix for wound treatment and tissue
regeneration. Collagen is isolated from different types of sources such as bovine, equine
and, porcine tissues [100,101]. Although there are 29 types of collagens, type 1 collagen is
widely available and can be extracted easily from mammalian connective tissues [102,103].
The most commonly used type 1 collagen is isolated from the tendons of rat tails [104,105].
Bovine collagen is extracted from several tissues such as bone, skin, and the Achilles ten-
don [106,107]. Collagen is formulated in the form of scaffolds with varying concentrations
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and pore sizes. These scaffolds can absorb wound exudates, attach onto the wound bed,
and provide moist environment [108].

Collagen-based scaffolds (Figure 5) are commonly used as a wound dressing material
for treating skin burns, foot ulcers, and pressure sores [109]. In certain cases, collagen is
combined with other sources such as fibronectin or elastin to improve the fluid-binding
property of the scaffolds [110,111]. Collagen is also fabricated in the form of implants that
can be used as a support for delivering keratinocytes for skin regeneration [112-114]. After
implantation, collagen scaffolds are infiltrated by connective tissues that are composed
of glycosaminoglycan, new collagen, fibroblasts, and macrophages. Based on the cross-
linking percentage, collagen scaffolds are degraded into small peptides within a few weeks
of implantation, and replaced by native collagen that is synthesized by fibroblasts [115].
Apligraf®—the first tissue-engineered wound dressing material that was approved for
treating diabetic ulcers—was made up of two-layered collagen hydrogels loaded with
human keratinocytes and fibroblasts [116]. Subsequently, several modifications were
carried out by altering the concentration of collagen to improve the mechanical strength
of Apligraf®. When collagen concentration was increased, there was a significant rise in
the proliferation of fibroblasts and stimulation of keratinocyte growth factor, which lead to
the faster healing of wounds [117]. At present, collagen-based wound dressing materials
are widely accepted in managing full-thickness wounds and skin burns. It is also possible
to enhance the activity of collagen by combining it with bioactive therapeutic agents and
antimicrobial compounds substances that accelerate the rate of wound closure [118]. Type
1 collagen has the ability to draw growth factors toward the wounded area and quicken the
healing and regeneration of damaged tissues [98]. However, in the case of diabetic wounds
or diabetic foot ulcers, the epidermis becomes ulcerous, resulting in the deficiency of type 1
collagen. This further delays the proliferation and migration of fibroblasts, which, in turn,
prolongs the time required for wound healing [119]. Lee et al. determined the ability of
collagen (colladerm) wound dressing in treating diabetic foot ulcers. When patients were
treated with collagen dressing every 2-3 days for up to 3 weeks, a significant decrease in
the wound area with 73.7% healing of the diabetic wound ulcer was observed. The results
demonstrated the safety and efficacy of collagen dressing in faster healing of diabetic
foot ulcers [120]. Hauck et al. demonstrated the possible use of hyaluronan/collagen
hydrogels loaded with high-sulphated hyaluronan in treating dermal wounds in diabetic
mice models. The hydrogel enhanced the healing rate of damaged tissues with decreased
inflammation, improved vascularization, and increased pro-regenerative macrophage
activation, and hastened the formation of new tissues for wound closure [121]. Shagdarova
et al. prepared hydrogels using chitosan, collagen, and silver nanoparticles for treating
diabetic injuries/wounds. The hydrogels had a fibrous porous structure with a better
swelling ratio. When applied onto diabetic wounds, the hydrogels elevated the expression
of genes such as vascular endothelial growth factor, Interleukin 1b, tissue inhibitor of
metalloproteinases-1, and transforming growth factor beta 1 [122].

5.1.2. Gelatin

Gelatin is a natural polymer that is obtained from the partial hydrolysis of col-
lagen [123]. Due to its salient features such as availability, biodegradability, biocom-
patibility, cell-interactivity, and non-toxicity, gelatin is commonly used in the field of
biomedicine [124]. When used as a scaffold, gelatin has the ability to absorb water
molecules, making it an appropriate candidate for wound dressing material. The main
drawback associated with gelatin is its poor stability and mechanical strength. There-
fore, to increase its mechanical stability, gelatin is cross-linked with agents such as glu-
taraldehyde, fructose, dextran, genipin, formaldehyde, and carbodiimides [125]. Sama-
dian et al. developed berberine-loaded cellulose acetate/gelatin electrospun mats as
wound dressing for treating diabetic foot ulcers. The fibres had an average diameter of
502 + 150 nm, and demonstrated antibacterial behaviour against Staphylococcus aureus and
Pseudomonas aeruginosa. The electrospun mats exhibited suitable tensile strength and water
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uptake potency required for a wound dressing material. A haemolytic assay performed
using red blood cells showed that the percentage of haemolysis was significantly low for
berberine-loaded cellulose acetate/gelatin electrospun mats when compared with the posi-
tive control—water [126]. Yu et al. prepared a paeoniflorin-sodium alginate (SA)-gelatin
skin scaffold with a mesh-like structure with uniform pore distribution for treating diabetic
wounds. Animal models showed improved deposition of collagen with microvascular
regeneration when treated with the skin scaffold, thereby proving their possible use in the
field of diabetic wound treatment [127]. Sadeghi et al. prepared biodegradable scaffolds
using gelatin and sulphated alginate as skin replacements to accelerate the healing of
diabetic wounds. The carbodiimide mode of cross-linking followed by lyophilization was
carried out to prepare the scaffolds. Cell culture analysis proved the non-toxicity of the
scaffolds, with enhanced cell growth when the quantity of sulphated alginate was increased
in the scaffold. Diabetic animal models proved the ability of the scaffold to cure wounds by
providing the required environment for faster healing of wounds [128].
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Figure 5. Collagen scaffold loaded with therapeutic molecules for diabetic wound treatment.

5.1.3. Fibrin

Fibrin is obtained from fibrinogen, which is converted in response to tissue injury. It
acts as a mesh and forms blood clots to prevent bleeding. Fibrin is extensively used for
clinical applications, in the form of sealants and haemostatic agents [129]. When used in
the form of scaffolds, it has the ability to deliver inflammatory cells and growth factors that
are necessary for wound repair and tissue regeneration [130].

Fibrin serves as a substrate for different types of cells such as platelets, fibroblasts,
endothelial cells, and macrophages. It triggers the process of cellular proliferation and
new blood vessel formation, thereby leading to efficient healing of wounds. Fibrin can be
formulated in different structures such as nanoparticles, hydrogels, scaffolds and films.
Fibrin-based cell delivery is widely accepted for treating dermal wounds, as it stimu-
lates neovascularization and the rejuvenation of skin cells [131]. For treating skin burns,
fibrin-based hydrogels/films are utilized for the transplantation of keratinocytes to induce
fibroblast formation and re-epithelization. Fibrin scaffolds loaded with vascular endothelial
factor and fibroblast growth factor enhanced re-epithelization, collagen deposition, and
accelerated wound closure in mice with diabetic wounds [132]. Fibrin as a scaffold has the
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ability to mimic the extracellular matrix and enhance the interaction of cells responsible for
tissue regeneration [133,134]. Geer et al. studied the re-epithelializing performance of fibrin
using human keratinocytes under in vitro conditions [135]. Falanga et al. demonstrated
that when bone marrow-derived mesenchymal stem cells (Figure 6) were entrapped within
fibrin, they reduced the time taken for wound closure in acute and chronic wounds [136].
When bone marrow nuclear cells were mixed and injected along with fibrin gel to treat
infarcted myocardium, it resulted in neovascularization and increased tissue regeneration.
Fibrin-based formulations are highly efficient in curing diabetic wounds. Crisci et al. inves-
tigated the efficacy of fibrin rich in leukocytes and platelets (FLP) in treating osteomyelitis
ulcers in diabetic feet. FLP was collected from diabetic individuals suffering from os-
teomyelitis and skin lesions for a minimum period of 180 days. Surgical debridement was
carried out to deliver FLP directly into skin lesions of patients, and the development of
lesions was assessed periodically. The study report (Figure 7) stated that FLP treatment
settled down skin lesions with no indication of microbial infection [137].

Fibrin
——
ﬁ{% Fibrin-based composite scaffold
{E’j? loaded with cells Wound Treatment
e B
Cells

Figure 6. Fibrin-based therapy for wound treatment.
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Figure 7. Efficacy of fibrin rich in leukocytes and platelets (FLP) in treating osteomyelitis ulcers in
diabetic feet. Reprinted from Ref. [137].

Losi et al. employed electrospinning and spray phase-inversion procedures to syn-
thesize bilayered fibrin/poly(ether)urethane scaffolds rich in platelet lysate for treating
diabetic wounds. Cell culture experiments performed using L.929 mouse fibroblasts proved
that the efficacy of two important growth factors—platelet-derived growth factor (PDGF)
and vascular endothelial growth factor (VEGF), which play a crucial role in healing chronic
wounds—was retained in the electrospun scaffolds. An in vitro release study of PDGF and
VEGF from the synthesized scaffolds demonstrated an initial burst release of growth
factors within 24 h of study, followed by sustained release for one week. When ap-
plied onto full-thickness wounds in diabetic animal models, a significant improvement
in wound closure within 2 weeks of treatment was observed. Moreover, improved re-
epithelialization and collagen deposition were also witnessed in wounds treated with
the scaffolds, thereby proving their potency in healing diabetic wounds/ulcers [138].
Poly(ether)urethane-polydimethylsiloxane/fibrin-based scaffolds containing poly(lactic-co-
glycolic acid) nanoparticles loaded with recombinant human vascular endothelial growth
factor and basic fibroblast growth factor were fabricated by Losi et al. with the intention of
triggering cellular proliferation and accelerating the process of wound healing in genetically
diabetic mice. The presence of growth factors in the scaffolds quickened the rate of closure
of full-thickness skin wounds on day 15 in diabetic mice. Histological analysis showed
extensive re-epithelialization, with increased granulation tissue formation/maturity and
collagen deposition, thereby elucidating the efficiency of the prepared scaffolds in treating
diabetic wounds [133].

5.1.4. Silk Proteins

Silk cocoons are discarded as waste by the silk industry, but they can be used as
valuable resources for fabricating wound dressings that can aid in faster healing of wounds.
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Silk-based biomaterials are extensively used in the field of medicine due to their excellent
biocompatibility and biodegradability. The FDA approved product silk voice is a type
of scaffold, prepared using reconstituted or solubilized silk protein [139]. Silk protein
has the capability to induce cell migration and proliferation, and attract cells such as
keratinocytes to the wounded site, thereby accelerating the process of wound healing [140].
Two different types of proteins—silk fibroin and silk sericin—are isolated from the cocoons
of silkworms (Figure 8). They are widely used in biomedical applications due to their lower
immunogenicity, biodegradability, biocompatibility, moisture absorption, UV resistance,
and antibacterial properties [141].

Sericin

Silk cocoons

Figure 8. Two different types of silk proteins—silk fibroin and silk sericin.

Silk proteins are fabricated in various forms such as films, nanofibers, and sponges
for biomedical applications. When used as a wound dressing material, silk proteins have
enhanced fibroblast adhesion and lead to faster healing of wounds [142]. The middle and
posterior silk glands of silkworm Bombyx mori secretes two important proteins, silk fibroin
and silk sericin, which are extensively used to accelerate the healing of wounds [143].
Silk fibroin has extraordinary thermal stability and mechanical strength when compared
with polymers such as collagen and polylactic acid. In addition, the presence of an RGD
peptide sequence promotes the attachment, movement, and proliferation of cells such as
keratinocytes, endothelial, epithelial, and glial cells, and osteoblasts for the effective healing
of wounds. Porous silk fibroin scaffolds/sponges can be prepared using different types of
techniques such as lyophilization, gas forming, and freeze-drying/foaming methods [144].
Liu et al. prepared silk fibroin scaffolds incorporated with neurotensin-loaded gelatin
microspheres as a novel therapeutic regime for healing diabetic foot ulcers in diabetic rat
models. Macroscopic evaluation of wounds showed significant reduction in wound size on
day 14 in the experimental group. In addition, histological and immunofluorescence analy-
ses demonstrated the accumulation of fibroblasts with a substantial expression of collagen
at the site of the wound. The prepared scaffolds had a good porosity of approximately 85%,
with an average pore size of 40-80 um [145]. Guan et al. fabricated microneedle patches
with multiple features such as anti-microbial, anti-oxidant, and pro-angiogenic proper-
ties for targeting diabetic lesions/wounds. The microneedles were constructed using silk
fibroin methacryloyl with tremendous biocompatibility and mechanical stability. Two dif-
ferent bioactive molecules—VEGF and Prussian blue nanozymes—were loaded on the tip
of microneedles with polymyxin—an anti-bacterial agent—at the base layer of the micronee-
dle patches. The patches played a significant role in treating diabetic skin wounds [146].
Xu et al. prepared electrospun Huangbai liniment-loaded silk fibroin/poly-(L-lactide-co-
caprolactone) nanofibers for treating diabetic wounds. The fibres were smooth, without
any bead formation when viewed under a scanning electron microscope. The nanofibers
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exhibited antibacterial activity against Escherichia coli and Staphylococcus aureus. Cell culture
experiments showed enhanced adhesion and proliferation of NIH-3T3 cells when cul-
tured on the nanofibers. Animal experiments using a diabetic mice model proved that the
nanofibers had the ability to elevate the synthesis of collagen and expression of the TGF-f3
signalling pathway, which, in turn, promoted efficient healing of diabetic wounds [147].
Silk sericin is a globular protein with significant features such as non-immunogenicity,
good biocompatibility, biodegradability, anti-oxidant properties, and regenerative potency.
It serves as a promising biomaterial in the field of medicine. Silk sericin-based hydrogels
were prepared using horseradish peroxidase (HRP) and hydrogen peroxide cross-linking
methods. A chorioallantoic membrane assay performed using chick embryos showed a
minimal rise in the number of new blood vessels in the test group when compared with that
of the control. The hydrogel showed collagen deposition and mild induction of superoxide
dismutase and catalase in diabetic wounds treated with hydrogel in the mouse model [148].
Samad et al. formulated carboxymethyl cellulose/sericin hydrogels for diabetic wound
treatment. The hydrogels had porous morphology, excessive swelling efficacy, and anti-
microbial properties. When applied on to full-thickness excision wounds in diabetic rats,
the upregulation of collagen deposition and downregulation of pro-inflammatory markers
was witnessed, which led to the healing of wounds without any insulin treatment [149].

5.2. Synthetic Polymers for Diabetic Wounds

Synthetic polymers are used in combination with natural polymers for treating diabetic
wounds because they exhibit excellent mechanical properties. They are used for tissue
engineering applications owing to their inert and biocompatible characteristics. Synthetic
polymers such as polycaprolactone (PCL), poly(vinyl alcohol) (PVA), Poly(2-hydroxyethyl
methacrylate) (pHEMA), polylactide (PLA), and polyglycolic acid (PGA) have been used
as scaffolds in tissue engineering and wound healing applications along with natural
polymers [3,150,151].

5.2.1. Polycaprolactone (PCL)

PCL is a hydrophobic polymer that has a great degradation rate and excellent bioac-
tivity. It is a linear aliphatic semicrystalline polymer. PCL polymer can be modified by
changing the molecular weight, crystallinity, or structure using polyethylene glycol and
hydrophobic ceramics, or by creating copolymers with PLA and PGA. PCL exhibits reduced
cellular attachment owing to its hydrophobicity, which can be altered by modifying its
surface with other biomaterials [152]. An organic and inorganic composite scaffold con-
taining two-dimensional nanovermiculite and PCL electrospun fibres for treating diabetic
wounds were prepared by Huang et al. The results show that polycaprolactone electro-
spun fibres with two-dimensional vermiculite nanosheets could significantly improve
neo-vascularization, re-epithelialization, and collagen formation in the diabetic wound
bed [153]. Amine-terminated block copolymers containing PCL and polyethylene glycol
and PCL were electrospun using electrospinning technique by Choi et al. The human
epidermal growth factors (EGF) were immobilized on the surface of the nanofibers. Dorsal
wounds were created in diabetic animals in order to study the wound healing efficacy of
the prepared wound dressing material. Immunohistochemical studies showed that the
EGF receptor were highly expressed in the nanofiber-treated groups. The results showed
that the prepared nanofibers could be a potential material for treating diabetic wounds [47].
Merrell et al. used PCL nanofibers as drug delivery vehicles. He prepared PCL nanofibers
loaded with curcumin and used them as a diabetic wound dressing material. In total, 70%
of human foreskin fibroblast cells (HFF-1) cells were viable when treated with the prepared
nanofibers. A streptozocin-induced diabetic mouse model were used for the in vivo study,
which showed an increased rate of wound closure in animals treated with the nanofibers.
The study proved that the prepared nanofibers are bioactive, with anti-inflammatory and
antioxidant properties [53]. Lv et al. prepared a PCL/gelatin nanofiber composite scaf-
fold containing silicate-based ceramic particles (Nagelschmidtite, NAGEL, Ca;P,Si»O1¢)
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NAG-PL scaffolds
SN
/

through the co-electrospinning technique for diabetic wound healing (Figure 9). In vivo
studies revealed that these nanofiber composite scaffolds promoted angiogenesis, the depo-
sition of collagen, and re-epithelialization at the wounded site in the diabetic mice. The
results suggested that the release of Si ions and the structure of nanofibrous scaffolds have
the potential for diabetic wound healing, and pave the way for biomaterials used in the
field of both wound healing and tissue engineering applications [154].
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Figure 9. The role of poly (caprolactone)/gelatin nanofibrous scaffolds in treating diabetic wound
healing. Si—Silicon ions; NAG-PL—Nagelschmidtite-Poly(caprolactone); EndMT—Endothelial
mesenchymal transformation; EMT—Epithelial-to-mesenchymal transition. Reprinted from Acta
Biomaterialia, Vol. Number 60; Lv F.,, Wang J., Xu P,, Han Y., Ma H., Xu H., Chen S., Chang J., Ke Q.,
Liu M., Yi Z.; A conducive bioceramic/polymer composite biomaterial for diabetic wound healing,
Pages No. 128-143, 2017 with permission from Elsevier [154].

5.2.2. Poly(vinyl alcohol) (PVA)

PVA is an excellent biocompatible synthetic polymer produced by the hydrolysis of
vinyl acetate. It is one of the US Food and Drug Administration (FDA)-approved synthetic
polymeric materials. The value of PVA is growing at an enormous rate, as it is utilized
for biomedical applications owing to desirable characteristics such as non-carcinogenic,
non-toxic, bio-adhesive, and swelling behaviours. PVA has been potentially used in soft eye
lenses, cartilages, and eye drops, etc. PVA can be fabricated in different forms such as fibres,
gel, and film that support in aiding the adhesion and proliferation of cells [155]. Huang
et al. fabricated electrospun brown alga-derived polysaccharide and PVA nanofibers
for skin repair in diabetic mice. Brown alga-derived polysaccharide is a sea mustard
found in marine areas. The result suggested that the prepared nanofibers decreased
inflammation and stimulated angiogenesis at the wound site of diabetic mice [156]. Lin
et al. synthesized PVA/cobalt-substituted hydroxyapatite nanocomposites as a wound
dressing material for diabetic foot ulcer treatment. The nanocomposites were prepared
using solvent casting method. The result showed that the prepared nanocomposites had
high mechanical properties and excellent bioactivity. The nanocomposites discharged
a small number of cobalt ions into the cell-cultured medium, which showed better cell
growth. The prepared nanocomposites could be a potential wound dressing material
for diabetic foot ulcer treatment [157]. Zhu et al. fabricated PVA hydrogel loaded with
fibroblast growth factor 21 and metformin for diabetic wound healing. The fabricated
hydrogel were injectable, adhesive and ROS scavenging abilities. In vivo results showed
the formation of blood vessels with faster healing of diabetic wounds [158]. Wang et al.
prepared PVA /chitosan nanocomposite hydrogels incorporated with Tibetan eighteen-
flavour dangshen pills (TEP) for treating chronic diabetic wounds. TEP is a traditional
Tibetan medicine used to treat skin diseases with analgesic, anti-inflammatory, and healing
properties. This hydrogel were treated with L939 cells, which showed no cytotoxic effect
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and demonstrated that the new formulation can be used for treating diabetic wounds with
the help of traditional medicine [159]. Cellulose and PVA-based films incorporated with
Vitamin C and/or propolis for faster diabetic wound healing were created by Voss et al.
Cellulose-PVA /Vitamin C and Cellulose-PVA /Vitamin C/Propolis films were prepared in
order to analyse the release of Vitamin C in a precise manner. When Cellulose-PVA /Vitamin
C/Propolis were used in an STZ-induced diabetic animal model, it showed faster wound
closure. Histopathological analysis showed better results when treated with Cellulose-
PVA /Vitamin-C/Propolis. The results suggest that the prepared PVA-based film could be
a potential treatment procedure for faster wound healing (Figure 10) [74].
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Figure 10. PVA-based films for diabetic wound healing. Reprinted from International Journal of
Pharmaceutics, Vol. Number 552 (1-2), Voss G.T., Gularte M.S., Vogt A.G., Giongo ]J.L., Vaucher
R.A., Echenique J.V., Soares M.P,, Luchese C., Wilhelm E.A., Fajardo A.R., Polysaccharide-based film
loaded with vitamin C and propolis: A promising device to accelerate diabetic wound healing, Pages
No 340-351, 2018 with permission from Elseiver [74].

Ahmed et al. fabricated chitosan, PVA, and zinc oxide nanofibrous mats using electro-
spinning technique for faster healing of diabetic wounds. The compounds chitosan and
PVA have wound-healing properties, and zinc oxide has excellent antibacterial activity.
The result showed that these nanofiber mats exhibit efficient antibacterial and antioxidant
properties. In vivo analysis showed that there was faster healing of diabetic wounds in
groups treated with nanofiber mats [43]. Kim et al. developed a new film-forming hydrogel
including PVA, polyvinylpyrrolidone, and propylene glycol incorporated with sodium
fusidate for wound healing applications. The film showed excellent elasticity and flexibility,
and could be an effective pharmaceutical product for wound treatment [69].

5.2.3. Poly(2-Hydroxyethyl Methacrylate) (pHEMA)

pPHEMA is a hydrophilic, non-biodegradable, and biocompatible polymer that is
widely used for different types of wound healing, bone regeneration, and cancer treatment.
pHEMA-based biomaterial gained lot of attention in wound treatment and ocular therapy
due to its excellent biocompatible and minimal thrombogenic properties. Due to its trans-
parent nature, it facilitates the tracking of wound recovery when used as wound dressing
material. Bacterial cellulose pHEMA and silver were combined as a multifunctional wound
dressing material with efficient antimicrobial properties [160].

5.2.4. Polylactide (PLA) and Polyglycolic Acid (PGA)

PGA and PLA are extensively suitable for the fabrication of scaffolds. These two
synthetic polymers serve as a suitable platform for tissue construction. Moreover, these
polymers have been used as implantable materials in the field of medicine. Polyglycolic
acid is the first synthetic polymer utilized in the form of suture under the name of “Dexon”.
At the site of the wound, PLGA and PLA stimulate the supply of lactic acid, and help
in inducing angiogenesis and quickening the process of wound healing [155]. Khazaeli
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et al. prepared PLA/chitosan nanoscaffolds using the microwave-assisted electrospin-
ning technique loaded with cod liver oil for diabetic wound healing. The results showed
that the groups treated with nanoscaffolds exhibited wound recovery within 14 days of
treatment [161]. Zheng et al. fabricated polylactic co-glycolic acid/cellulose nanocrystal
nanofibers loaded with neurotensin to study their therapeutic potency in treating dia-
betic wounds. The prepared nanofibers were applied on wounds in diabetic mice, which
showed a slow release of neurotensin for 2 weeks. The results suggested that the pre-
pared nanofibers effectively stimulate the regeneration of tissues for diabetic foot ulcer
treatment [59]. Zha et al. prepared polyglycolic acid/silk fibroin nanofibrous scaffolds
incorporated with deferoxamine for diabetic wound healing application. The prepared
nanofibrous scaffold had a porous three-dimensional nanofibrous structure and exhibited
good mechanical strength, biodegradability, and biocompatibility, which could promote cell
adhesion, growth, and migration. The in vivo results showed that the prepared nanofibrous
scaffold accelerated the wound healing rate in treated groups [162].

6. Future Perspectives and Conclusions

To date, there are numerous polymer-based wound dressings for treating and man-
aging diabetic wounds/foot ulcers. These dressings differ in their porosity, mechanical
strength, swelling, and moisture absorption properties. They aid in cellular adhesion,
proliferation, and migration without causing any cytotoxicity or immunotoxicity. Wound
dressings protect wounds from microbial infections and physical damage. The efficacy
of the polymeric biomaterials can be improved by loading therapeutic molecules, growth
factors, and anti-microbial agents that could accelerate the process of wound closure by
triggering collagen deposition and vascularization. The implantation of the dressing mate-
rial exactly at the site of the wound is a challenging procedure, as it requires appropriate
coordination between the scientist and physician. The method employed to synthesize scaf-
folds is also crucial as it plays a vital role in determining the quality and performance of the
wound dressings. In addition, the fabrication technique may involve costly sophisticated
instruments, which may further increase the cost of treatment. Therefore, it is important
to recognize the issues that affect clinical translation, and pursue alternatives that can
overcome the current problems.

Further, research in the field of 3D printing and tissue engineering can improve the
potency of polymeric wound dressings for efficient diabetic wound treatment. Wound
dressing materials that are 3D printed can serve as a unique platform and can be incorpo-
rated with different types of bioactive compounds and antimicrobial agents that can speed
up the rate of wound healing. The use of 3D printing can overcome the disadvantages
associated with the conventional techniques, and is highly reliable and low-cost. Addition-
ally, the combination of biomarkers and nanoparticles that can be used to monitor wound
recovery can be loaded with the wound dressing materials for efficient diabetic wound
treatment.
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Abstract: Alpha mangostin (AM) has potential anticancer properties for breast cancer. This study
aims to assess the potential of chitosan nanoparticles coated with hyaluronic acid for the targeted
delivery of AM (AM-CS/HA) against MCF-7 breast cancer cells. AM-CS/HA showed a spherical
shape with an average diameter of 304 nm, a polydispersity index of 0.3, and a negative charge
of 24.43 mV. High encapsulation efficiency (90%) and drug loading (8.5%) were achieved. AM
released from AM-CS/HA at an acidic pH of 5.5 was higher than the physiological pH of 7.4 and
showed sustained release. The cytotoxic effect of AM-CS/HA (ICsy 4.37 ng/mL) on MCF-7 was
significantly higher than AM nanoparticles without HA coating (AM-CS) (IC5¢ 4.48 ug/mL) and
AM (ICsq 5.27 pg/mL). These findings suggest that AM-CS/HA enhances AM cytotoxicity and has
potential applications for breast cancer therapy.

Keywords: alpha mangostin; chitosan; hyaluronic acid; polymeric nanoparticle; cytotoxic

1. Introduction

Breast cancer is the most common type of malignancy and the second leading cause of
cancer-related death worldwide [1,2]. In general, the treatment of breast cancer involves
various combinations of surgery, radiation therapy, chemotherapy, and hormone therapy
that have many drawbacks, such as limited effectiveness and unwanted side effects. In
addition, chemotherapy shows low efficacy due to multidrug resistance and is highly toxic
to healthy cells due to its non-specific targeting [3-5].

Alpha mangostin is a derivative of xanthone compounds isolated from the rind of
the mangosteen fruit (Garcinia mangostan). AM has antiproliferative activity and apoptotic
effects on different types of cancer, one of which is breast cancer, among the mechanisms
of inducing apoptosis in breast cancer cells through the downregulation of B-cell lym-
phoma 2 (Bcl2) and the upregulation of Bcl-2-associated X protein (Bax) against breast
cancer cells [6-10]. In addition to its anticancer activity, AM has limitations due to its poor
solubility [11], the first fast metabolism reaction, efflux reactions caused by intercellular
transporters, rapid drug release, and low selectivity for cancer cells [6,12-14].

The advancement of nanoparticle delivery system technology has the potential to
improve delivery efficiency while minimizing side effects by directly targeting cancer
cells [15-19]. Polymeric nanoparticles are a drug delivery system approach that utilizes
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polymers as carriers in the form of nanoparticles [20-22]. Polymeric nanoparticles are fre-
quently produced from biopolymers such as chitosan in their formulation because they offer
several advantages over other synthetic polymers, such as being green economy-friendly,
eco-friendly, easy to make, bio-compatible, biodegradable, and low in their toxicity [23,24].
They have also been investigated for their ability to increase drug macromolecular per-
meation on epithelial membranes through the reversible opening of the transmembrane
gap (tight junction) [25,26]. Chitosan nanoparticles have previously been used as AM
carriers for breast cancer cells. In this study, AM was successfully encapsulated in chitosan
nanoparticles, significantly increasing the cytotoxicity of AM (ICsg 6.7 pg/mL) compared
to that which was not prepared in the polymeric nanoparticle formulation (ICsj 8.2 ug/mL)
against the MCF-7 cell line [27,28].

Modification of nanoparticles aims to improve drug targeting through passive or
active targeting [29,30]. Passive targeting can enhance the penetration of nanoparticles to
the tumor tissue site through an enhanced permeability and retention (EPR) effect [31-35].
Meanwhile, active targeting contains structural modifications and surface functionalization
of nanoparticles that lead to more specific targeting capabilities [36,37]. The limited selec-
tivity of nanoparticles against cancer excludes the benefits of nanoparticle drug delivery for
effective chemotherapy. It is critical to improve the selectivity of nanoparticles for cancer
cells so that they can deliver more therapeutic agents to targeted cells than healthy cells,
boosting therapeutic efficacy and minimizing adverse effects [38]. Therapeutic targeting can
be accomplished by decorating the surface of nanoparticles with specific ligands to target
the appropriate receptor cells, which are overexpressed on cancer cell membranes [39,40].
There are many candidates for ligand targeting, such as folate, antibodies, and hyaluronic
acid, which have shown efficacy in breast cancer targeting [41,42]. Several studies have
found that hyaluronic acid (HA) is one of the most often utilized ligands for coating
chitosan nanoparticles for targeting breast cancer. HA is a natural polysaccharide made
up of D-glucuronic acid and N-acetyl-D-glucosamine, which shows a high affinity for
the integral membrane glycoprotein cluster differentiation-44 (CD44) on the cell surface
in breast cancer [43,44]. CD44 is a cell surface receptor that is overexpressed in breast
cancer, and targeting this receptor could facilitate intracellular uptake of nanoparticles,
thereby increasing drug concentrations in cancer cells through CD44 receptor-mediated
endocytosis [45-51].

In this study, HA-coated AM nanoparticles were developed and applied to actively
target MCF-7 breast cancer cells that express CD44. For this purpose, the cytotoxic effect of
HA-coated AM nanoparticles will be compared with that of AM and AM nanoparticles
without HA.

2. Materials and Methods
2.1. Material

AM was obtained from Chengdu Biopurify Phytochemicals (Chengdu, Sichuan,
China). Chitosan (CS), with MW: 1526.5 g/mol and DD: 81.38%, was isolated with a
purity of 70%. HA (MW = 60 KDa) was purchased from Kangcare Bioindustry (Nanjing,
China), and sodium tripolyphosphate (TPP) from Kristata (Bandung, West Java, Indonesia).
The MCF-7 breast cancer cell line was obtained from the American Type Culture Collection
(Manassas, VA, USA).

2.2. Method
2.2.1. Fabrication of AM-CS

The ionic gelation technique was used to produce AM-CS. Briefly, AM (1 mg/mL)
was dissolved in ethanol, and CS (1 mg/mL) was dissolved in acetic acid, then stirred
overnight at room temperature with a magnetic stirrer, respectively. TPP (1 mg/mL) was
dissolved into demineralized water. AM and CS solutions were mixed and transferred
drop-by-drop to TPP solutions while being constantly magnetically stirred. The mixture
was kept on a magnetic stirrer overnight at room temperature, then sonicated for 30 min.
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Finally, nanoparticles were separated from the mixture by centrifugation at 13,552 x g for
30 min [27,28].

2.2.2. Fabrication of Surface Functionalization of AM-CS

For the coating process, AM-CS and HA were dispersed in an acetate buffer at pH
5. Then, AM-CS was added dropwise to various concentrations of HA (Table 1) with
constant vigorous stirring (30 min, 1200 rpm). The nanoparticles were then purified by
centrifugation at 13,552 x ¢ for 30 min [42,52,53].

Table 1. AM nanoparticles” formulation.

Formulation AM (mg/mL) CS (mg/mL) TPP (mg/mL) HA (mg/mL)
AM-CS 1 10 2 -
AM-CS/HA1 1 10 2 20
AM-CS/HA2 1 10 2 40
AM-CS/HA3 1 10 2 60

2.2.3. Particle Size, Polydispersity Index (PDI), and Zeta Potential

The particle size, PDI, and zeta potential of the AM nanoparticles’” formulation were
evaluated using the dynamic light scattering (DLS) analyzer (SZ 100 Horiba, Kyoto,
Japan) [54,55].

2.2.4. Morphology Studies

The morphology of AM-CS and AM-CS/HA was examined by scanning electron
microscopy (SEM) (Model SU3500 SEM; Hitachi, Tokyo, Japan). The samples were placed
into the stub and coated with platinum (30 s, 10 mA). AM-CS and AM-CS/HA photomicro-
graphs were taken at 10 kV with 20,000 magnifications [27,28].

2.2.5. Determination of Entrapment Efficiency and Drug Loading

The entrapment efficiency (EE) and drug loading (DL) of nanoparticles were calcu-
lated by spectroscopy. Briefly, AM-CS/HA was mixed with ethyl acetate and centrifuged
(6000x g rpm, 5 min). After collecting the supernatant, the absorbance at 245 nm was
measured with a spectrophotometer. The supernatant was then resuspended in sufficient
ethanol to determine the amount of AM encapsulated and the total amount of AM. Serial
concentrations of AM (2-12 pug/mL) were measured at 245 nm to generate the standard
curve. EE and DL of AM in AM-CS/HA were calculated by Equations (1) and (2) [27,28]:

mass of the AMin AM — CS/HA
mass of AM used

EE (0/0) = % 100% (1)
mass of the AM in AM — CS/HA

DL (%) =
(%) massof AM —CS/HA

x 100% @)

2.2.6. Fourier-Transform Infrared Spectroscopy Analysis

The chemical interaction of raw materials and nanoparticles was investigated using a
Fourier-transform infrared spectrophotometer (FTIR) (Thermo Fisher, Waltham, MA, USA)
and measured at 4000-400 cm ! [27,56].

2.2.7. X-ray Diffraction Analysis

X-ray diffraction (XRD) (X-pert MPD diffractometer type, Rigaku International, Tokyo,
Japan) was used to examine the crystallinity of AM-CS/HA. The samples were scanned
throughout an angular range (2 theta) of 5-60° [27,57].
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2.2.8. Differential Scanning Calorimetry Analysis

Differential scanning calorimetry (DSC) (Perkin Elmer DSC-6, MA, USA) was used to
study the thermal properties of AM-CS/HA. The samples were carried out at a heating
rate of 10 °C/min from 30 to 300 °C, with a stream of flowing nitrogen at 50 mL/min [27].

2.2.9. In Vitro Release Studies

The release profile in phosphate-buffered saline (PBS) solution was investigated at
pH 7.4 and 5.5. Typically, 5 mg of nanoparticles were dispersed in PBS and transferred
to a dialysis tube (molecular weight cut-off 12,000 Da). The dialysis tube was immersed
in PBS medium before being put into a beaker containing 50 mL of release medium at
37 °C and 100 rpm. At determined time intervals, 5 mL of dissolution medium was taken
and replaced with an equal quantity of fresh medium. The collected samples were then
measured using a spectrophotometer at a wavelength of 245 nm [55].

2.2.10. Cytotoxicity Studies

The MTT assay was used to assess the cytotoxic activity of AM and nanoparticles on
MCE-7 cells. Here, 5000 cells/well of MCE-7 cells (ATCC) were seeded on 96-well plates
in the presence of RPMI culture media containing 10% FCS for 24 h. Then, the media
was aspirated and replaced with cell culture media containing various amounts of AM
(2-6 ng/mL). Next, 0.5 mg/mL of MTT solution was added and incubated for 4 h at 37 °C.
The formed formazan crystals were treated with 100 L of SDS in 0.01% HCl, and then the
absorbance was measured at 450 nm using an ELISA plate reader (EpochTM Microplate
Spectrophotometer, VT, USA). Cell viability was represented as a percentage of the treated
cells compared to the control cells, as stated in Equation (3), and ICsy was calculated from
the dose-response curves [58]:

absorbance of treated sample
absorbance of control sample

Cell viability (%) = x 100% 3

2.2.11. Statistical Analysis

The quantitative data were expressed as the mean + standard error of the mean
(S.EM.). The two-way ANOVA was used for statistical analysis. p-values < 0.05 were
considered significant.

3. Results
3.1. Characterization of AM Nanoparticles
3.1.1. Particle Size, PDI, Zeta Potential, Morphology, EE, and DL

The mean particle size, PDI, and zeta potential of various AM nanoparticle formulas
are shown in Table 2. The data show that the nanoparticle size is in the range of 200400 nm.
The zeta potential of AM-CS showed a positive value, then the AM-CS/HA showed a
negative value. In addition, the PDI of all formulas was <1. In this study, AM-CS/HA1 was
selected for further characterization and cytotoxicity evaluation on MCE-7 cells because
this formula produced the smallest particle size.

Table 2. Particle size, distribution, and zeta potential of AM nanoparticles.

Formulation Particle Size (nm) PDI Zeta Potential (mV)
AM-CS 229.133 4 5.685 0.382 4+ 0.015 33.83 +1.92
AM-CS/HA1 304.833 + 6.288 0.362 4 0.038 —2443 +1.76
AM-CS/HA2 369.300 + 2.467 0.360 + 0.028 —28.44 +2.26
AM-CS/HA3 412.767 + 6.001 0.346 £ 0.034 —33.31 £1.85

The morphologies of nanoparticles were examined by SEM (Figure 1). As shown
in Figure 1, the nanoparticles were approximately spherical. The EE and DL are dis-
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played in Table 3. The average entrapment efficiency of the AM-CS and AM-CS/HA1
was 85.32% =+ 0.40% and 90.40% = 0.161%, respectively, indicating that AM did not escape
from the nanoparticles during the HA coating process.

Figure 1. SEM photomicrographs of (a) AM-CS and (b) AM-CS/HAL.

Table 3. The average of EE and DL of the nanoparticles.

Formulation EE (%) DL (%)
AM-CS 88.325 + 3.340 8.674 4+ 0.018
AM-CS/HA1 90.404 + 2.161 8.514 4+ 0.007

3.1.2. FTIR Analysis

The results of the FTIR analysis are displayed in Figure 2. The AM spectrum showed
the presence of O-H stretch at 3411.15 and 3234.88 cm ™!, stretching vibrations of C-H
at 2988.11, 2961.04, and 2910.40 cm !, C=O at 1638.20 cm !, C—C at 1448.33 cm ™!, orto—
OCHj stretch at 1197.83 cm ™!, and C—O-C stretch at 1073.82 cm ™! [59,60]. The CS spec-
trum displayed broad peaks around 3332.14 cm~! corresponding to the amide (N-H)
and O-H groups, C-H stretch at 2871.62 cm~!, C=0 stretch at 1637.26 cm !, N-H bend
at 1582.86 cm™!, C-H bend at 1422.38 cm-1, C-N at 1375.93 cm ™!, C-O-C stretch at
1149.98 cm !, and C-O at 1022.44 cm ! [61,62]. The characteristic absorption peaks of HA
were 3409 cm ! corresponding to the N-H and O-H groups, amide IT and III at 1557 and
1337 cm ™!, C-C stretching of the COONa group was observed at 1404 cm~!, and C-O
stretch at 1042 cm ™! [63]. The spectra of AM-CS/HA1 presented absorption bands at
1515.21 and 1735.45 cm ! due to -NHj; of CS and ~COOH of HA, respectively [64].
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Figure 2. FTIR spectrum of raw material and AM-CS/HA1.

3.1.3. XRD Analysis

The XRD patterns are displayed in Figure 3. The AM showed sharp multiple peaks at
20 of 5.4°,11.6°, and 13.3°, which indicated a crystalline pattern [65,66], and the CS showed
peaks at 10.4°, 19.7°, and 29.3° that exhibited semi-crystalline patterns [67-69]. The XRD

125



Polymers 2023, 15, 1025

spectrum of HA showed no specific diffraction pattern, indicating the amorphous nature
of HA [64]. The peaks exhibited by the AM-CS/HA1 resembled those of HA and showed
an amorphous nature.
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Figure 3. XRD patterns of raw material and AM-CS/HAL.

3.1.4. DSC Analysis

DSC thermograms for AM exhibited the endothermic phase at 177 °C, and HA had
an obvious glass transition peak at 85 °C and an exothermic peak at 241 °C. The DSC
thermogram of chitosan showed an endothermic peak between 95.1 and 102.3 °C and an
exothermic peak between 303.77 and 304.28 °C. The AM-CS/HA1 displayed patterns that
corresponded to the glass transition (103.1 °C). The results of the DSC analysis are shown

in Figure 4.
N
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Figure 4. DSC thermographs of raw material and AM-CS/HAI.

3.2. In Vitro Release Studies

The profile of the in vitro release of AM from nanoparticles in PBS (pH 7.4 and 5.5)
within 96 h is shown in Figure 5, and the Higuchi parameters for release kinetics are
summarized in Table 4. The release of AM from nanoparticles demonstrated an initial burst
of up to 11% during the first hour, followed by a sustained release for 96 h.
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Figure 5. AM release profiles from AM-loaded nanoparticles at pH 7.4 and 5.5. Each value represents
the mean + S.E.M.

Table 4. Higuchi regression parameter for AM release from AM-CS and AM-CS/HA1.

AM-CS AM-CS/HA1
Parameter
pH74 pH5.5 pH74 pH5.5
Intercept 0.852 +0.477 3.265 + 0.129 0.889 4+ 0.169 1.723 £+ 0.3428
Slope 9.281 + 0.489 11.821 4+ 0.377 9.097 4+ 0.160 10.289 + 0.340
Correlation

. 0.994 + 0.002 0.981 + 0.005 0.995 + 0.001 0.987 + 0.002
coefficient (r)

3.3. Cytotoxicity Studies

The cytotoxic activity of AM, -CS/HA1, AM, AM-CS, and AM-CS/HA1 was evaluated
on MCEF-7 cells, as shown in Figure 6. For -CS/HA, no cytotoxic activity was observed
in MCF-7 cells. On the other hand, the cytotoxicity of AM, AM-CS, and AM-CS/HA
significantly differed. AM, AM-CS, and AM-CS/HA had ICs of 5.27, 4.48, and 4.37 ug/mL,
respectively. Thus, these results demonstrated that AM-CS/HA has higher cytotoxicity
compared to AM and AM-CS.
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Figure 6. Cytotoxic activity of AM, -CS/HA1, AM-CS, and AM-CS/HA1 in MCF-7 cells. Each
value represents the mean £ S.E.M. 3k p < compared to the control; # p < compared to -CS/HAT;
* p < compared to AM; - p < compared to AM-CS.

4. Discussion

AM has shown potentiality in the treatment of various types of cancer. Previous
research has demonstrated that AM nanoparticles have a remarkable therapeutic impact
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on breast cancer [6,7]. In this study, AM-loaded nanoparticles were coated with HA for
breast cancer targeting. Nanocarriers with tumor-targeting moiety attachments, such as
hyaluronic acid, have the potential to increase tumor-targeted delivery, while minimizing
pharmacological adverse effects [42,70-73].

In this study, AM-CS was fabricated with HA (AM-CS/HA) via an electrostatic depo-
sition technique. As an experimental variable, three different concentrations of HA (20, 40,
and 60 mg) were used. As shown in Table 2, there was a correlation between the variations
in HA concentrations and particle size, or zeta potential. The higher concentration of HA
resulted in larger particle sizes and a lower zeta potential value. At low concentrations,
HA will enter more readily and deeply through the pores in AM-CS, resulting in denser
particles, which will further increase the particle size when the HA concentration increases
owing to the accumulation of the coated polymer chains on the exterior of the nanoparticles.
The coating of AM nanoparticles resulted in a conversion of the nanoparticles’ surface
charge. HA has been found to exert a negative charge on the nanoparticles” surface because
HA molecules are mostly located in the outermost shell of nanoparticles. Positively charged
nanocarriers promote membrane attachment, uptake, and release of endosomes, while
nanocarriers with a negative zeta potential exhibit more selective and efficient absorption,
particularly when coated with targeting ligands [53,54,74].

The particle size of nanoparticles plays an important role in chemotherapeutic drug
delivery systems because it can affect cellular uptake via endocytosis and determine their
fate during systemic circulation [27]. Studies have shown that the nanoparticle size range
between 40 and 400 nm is suitable for extending the circulation time and increasing drug
accumulation in tumors [75]. This is a further reason for selecting AM-CS/HAL1 for further
investigation to evaluate its characteristics and cytotoxicity.

The spectrum of the AM-CS/HAT1 exhibited some characteristic vibrations of HA
and CS, then shifted to a higher wave number. The signal shift demonstrated that both
macromolecular chains were involved in the production of the nanoparticles. The absorp-
tion band at 1735.45 cm ! showed the protonation that occurred in the formation of the
polyelectrolyte complex [63,76]. Moreover, the amplification of the peak corresponding to
the amide I and II bands, with a small shift to wave numbers 1628.39 and 1558.62 cm !,
showed effective amide bonding between the amino and carboxylic groups on the HA and
the surface of the nanoparticles [42,63,77].

The AM-CS/HAI1 diffractogram data demonstrated the transformation of the crys-
talline or semi-crystalline phase of the material component into an amorphous form. The
termination of the amine and hydroxy groups is thought to be the origin of CS’s semi-
crystalline transition, resulting in the development of an amorphous complex with the
coated polymer (HA). Furthermore, the AM crystal lattice no longer appeared, suggesting
that AM has been uniformly dispersed and encapsulated in the system [27,78].

The DSC thermogram of AM nanoparticles coated with HA exhibited a loss of the
peak from CS accompanied by shifting of the HA peak to 94 °C and a loss of the exothermic
peak at 236 °C from HA, which is thought to be due to the structural modification of HA
after electrostatic interaction with CS [77,79]. Furthermore, AM exhibited a significant
endothermal peak around 178 °C due to the melting of AM crystals. However, the AM-
CS/HA diffractogram did not show an endothermic peak of AM. It can be explained that
the crystallization of AM is inhibited by the nanoparticle matrix, and AM may be in a
molecular or amorphous state in the nanoparticle system [78].

The release profile of AM from the nanoparticle system exhibited biphasic behav-
ior, with early and fast release phases, followed by sustained release. Both coated and
uncoated nanoparticles showed an initial burst of AM release, which was related to the
quick diffusion of free drug adsorbed on the particles [42,76]. The delayed release rate
of HA-coated nanoparticles compared to uncoated nanoparticles indicated that the HA
coating on the surface of the nanoparticles inhibits the diffusion of drugs trapped in the
nanoparticle system to be released. It happens because the coating of HA on the surface of
the nanoparticles increases their density and structural hardness due to increased cross-
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linking interactions between the constituent components, and reduces the release of the
active substance [80]. Furthermore, because chitosan and hyaluronic acid are pH-sensitive
polymers, pH influences the release of AM from nanoparticles [81]. Due to the break-
down in the electrostatic balance between CS and TPP in AM-CS or between CS, TPP,
and HA in -CS/HA in an acidic environment, AM release was larger at pH 5.5 than at
pH 7.4. This pH-dependent release mechanism reduces the drug’s systemic toxicity due
to decreased bioavailability in healthy organs at physiological pH, which could reduce
drug side effects for patients [82,83]. Subsequently, pH-sensitive drug delivery systems
result in higher bioavailability for drugs at tumor sites at acidic pH and increase their
efficiency in malignant tissues [54,76,84,85]. To estimate the kinetic profiles of AM release
from the nanoparticle system, we carried out an analysis using the Higuchi model. Based
on the value of the correlation coefficient (r), this indicated that the type of release of AM
from nanoparticles was a matrix type, based on Fickian diffusion [80,86]. It is known that
Higuchi’s kinetic model involves drug release from the polymer matrix system, which
releases drugs in a controlled and sustainable manner [87,88]. This is very important for
the release of chemotherapy drugs to reduce their toxicity [89,90].

The cytotoxic study on drug-free nanoparticles (-CS/HA1) showed activity on cell
viability > 90% at all tested concentrations. These results indicate that the nanoparticle
carrier exhibited good biocompatibility and was less toxic to the tested MCF-7 cells. In
contrast, cells that were treated with AM, AM-CS, or AM-CS/HA1 demonstrated a dose-
dependent response to the drug. Moreover, the cells utilized were more sensitive to AM-CS
and HA than to AM and AM-CS. The cytotoxic activity of AM and AM-CS/HAT1 at the
same doses was significantly different (p < 0.05). In conclusion, AM has lower cytotoxicity
than AM-CS/HA because the HA coating of nanoparticles interacts with the CD44 receptor
and is then internalized via receptor-mediated endocytosis.

5. Conclusions

The development of targeted drug delivery systems is necessary for the delivery of
anticancer drugs to reduce systemic side effects and increase the effectiveness of therapy.
Surface-modified nanoparticle delivery systems using specific ligands, such as hyaluronic
acid, to target cell receptors that are overexpressed on breast cancer cell membranes, such as
the CD44 receptor, have the potential to increase the efficiency of anticancer drug delivery
to breast cancer cells [42]. This research succeeded in developing a targeted delivery
system of hyaluronic acid-coated chitosan nanoparticles for the targeted delivery of alpha
mangostin for breast cancer. Our findings showed that alpha mangostin loaded in our
delivery system had a significant impact on MCF-7 cancer cells at a lower dose (ICs
4.37 ug/mL) compared to free alpha mangostin (ICsg 5.27 ug/mL) or nanoparticles of
alpha mangostin with chitosan carriers without a hyaluronic acid coating (ICsq 4.48 ug/mL,
IC5p 6.7 png/mL [27], ICs509 4.90 pg/mL [91]). The most conclusive findings of this study
indicated that the developed alpha mangostin targeted nanoparticle delivery system can
be used as an effective treatment for breast cancer by specifically targeting cancer cells.
Further research needs to be conducted in vivo to determine the bioavailability, toxicity,
and anticancer activity of alpha mangostin nanoparticles coated with hyaluronic acid.
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Abstract: Polylactic acid (PLA) is one of the market’s most commonly used biodegradable polymers,
with diverse applications in additive manufacturing, specifically fused deposition modeling (FDM)
3D printing. The use of PLA in complex and sophisticated FDM applications is continually growing.
However, the increased range of applications requires a better understanding of the material proper-
ties of this polymer. For example, recent studies have shown that PLA has the potential to be used in
artificial heart valves. Still, the durability and longevity of this material in such a harsh environment
are unknown, as heart valve failures have been attributed to salification. Additionally, there is a gap
in the field for in situ material characterization of PLA surfaces during stiffening. The present study
aims to benchmark different dynamic atomic force microscopy (AFM) techniques available to study
the salification phenomenon of PLA at micro-scales using different PLA thin films with various salt
concentrations (i.e., 10%, 15%, and 20% of sodium chloride (NaCl)). The measurements are conducted
by tapping mode AFM, bimodal AFM, the force spectroscopy technique, and energy quantity analysis.
These measurements showed a stiffening phenomenon occurring as the salt solution is increased,
but the change was not equally sensitive to material property differences. Tapping mode AFM
provided accurate topographical information, while the associated phase images were not considered
reliable. On the other hand, bimodal AFM was shown to be capable of providing the topographical
information and material compositional mapping through the higher eigenmode’s phase channel.
The dissipated power energy quantities indicated that how the polymers become less dissipative as
salt concentration increases can be measured. Lastly, it was shown that force spectroscopy is the most
sensitive technique in detecting the differences in properties. The comparison of these techniques
can provide a helpful guideline for studying the material properties of PLA polymers at micro- and
nano-scales that can prove beneficial in various fields.

Keywords: surface characterization; scanning probe microscopy; additive manufacturing; PLA;
multifrequency AFM

1. Introduction

The idea of artificial heart valves made of polylactic acid (PLA) is getting closer to
reality. However, the extent of degradation of plastic valves by salification is not well
understood and has not been extensively investigated. The present study is focused on
investigating the impact of salification on the valves through a comprehensive material
characterization effort utilizing various AFM methods.

1.1. Atomic Force Microscopy Techniques

Atomic force microscopy (AFM), invented in the 1980s, is from the family of scanning
probe microscopies providing major advantages in material characterization. AFM is
capable of extracting topographical information from a wide range of samples (conductive
to nonconductive, metals to polymers) while allowing material property characterization
to be performed, such as mechanical properties, chemical properties, and electrical and
magnetic properties [1-5]. The main component of AFM is the micro-cantilever. The
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deflection of the cantilever is measured by shining a laser over the back of the cantilever
and measuring the signal through the laser’s reflection on the photodiode detector. The
analysis and manipulation of this signal will differ based on the imaging scheme. Figure 1
depicts a schematic of how dynamic AFM imaging works. One specific mode of AFM is
the tapping mode, in which the cantilever oscillates at the cantilever’s resonance frequency
(i.e., the first eigenmode frequency) using a piezoelectric driver. Although the excitation
frequency is fixed, the distance between the tip and sample is modulated so that the
oscillation amplitude remains constant. In this method, named amplitude modulation
AFM (AM-AFM), the height (i.e., topography) information is gathered from the amplitude
signal [6]. The phase signal, the phase lag between excitation at the base of the cantilever
and the oscillation of the tip, provides information on the compositional mapping of the
surface. Tapping mode can be carried out in two different regimes, namely, attractive or
repulsive. Attractive mode is when the phase signal is greater than 90°, and repulsive
mode is when the phase signal is less than 90° [7]. In the attractive regime, the cantilever
does not physically touch the surface but interacts with long-range interaction forces such
as electrostatic forces or van der Waals forces. The bistability phenomenon will occur if
the oscillation setpoint and free oscillation amplitude are set so that the solution of the
equation of motion of the cantilever can have two roots [8]. Ideally, the repulsive regime
creates higher quality images, but the attractive regime can be good for soft samples, as it
applies smaller forces on the sample.
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Figure 1. Schematic of dynamic atomic force microscopy.

Although tapping mode AFM can provide both topography and compositional map-
ping, there is no guarantee that the quality of height and phase channels will be good for all
samples. Additionally, the information observed from phase images is not directly related
to mechanical properties, rendering them not quantitatively useful. Therefore, there has
been significant enthusiasm toward force spectroscopy and material models needed to
fit the data during the past few years. In force spectroscopy techniques, the cantilever is
approached to the sample, while its deflection is measured, as shown in Figure 1 [9-11],
going through the attractive and then repulsive forces. Using the feedback loop, the can-
tilever is pulled out of the sample after reaching the given maximum deflection. The
observed deflection can then be converted into force versus tip sample separation to extract
mechanical properties such as adhesion, stiffness (modulus), and the indentation depth.
Force spectroscopy only collects a single point measurement, so force mapping is useful
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to collect a grid of force curves over an area of a sample and allows for the mechanical
properties within that area to be compared [5,12].

In the early 2000s, it was found AFM tapping mode might not provide both topography
and material composition at the same time when imaging the soft matter [13,14]. There-
fore, a branch of imaging techniques known as multifrequency AFM was introduced [15].
Bimodal AFM, the most common multifrequency technique, is accomplished through
the simultaneous excitation of two eigenmode frequencies of the AFM cantilever. This
technique simultaneously generates multiple additional properties, such as a second phase
channel. It can also allow for higher resolution and more detailed information about the
sample. Subsequently, it was shown that higher eigenmode AFMs could provide depth
penetration through samples and enhance AFM capabilities to image subsurface features.

Many AFM techniques have been developed and used over the years. However, there
is still a need to fundamentally understand the strengths and limitations of these techniques.
This work aims to fill this knowledge gap when dealing with biodegradable polymers.

1.2. 3D-Printed Artificial Heart Valves

Cardiovascular disease (CVD) is the current leading cause of death in the United
States, resulting in 696,962 deaths in 2020 [16]. Heart valve disease (HVD), which concerns
any of the four heart valves, is a major contributor to CVD. Moreover, the aortic valve can
thicken and become stiff (aortic valve stenosis), which is the most common cause of the
need for surgery. The stiffening causes the valve to be unable to open fully, reducing the
blood flow to the body [17]. Aortic valve stenosis is commonly caused by calcium and
calcium phosphate buildup on the aortic valve, otherwise known as salification. Therefore,
it is critical to firstly understand the stiffening phenomenon on the polymer surface of an
artificial aortic valve and secondly visualize this concept to be able to design better valves.

Generally, two types of heart valves can be used for aortic valve replacement—
biological or mechanical. Biological or bioprosthetic valves replace the original aortic
valve with a new valve typically made from bovine (cow) or porcine (pig) tissue [17]. This
animal tissue is referred to as a xenograft. Similarly, allografts are valves taken from human
cadavers or brain-dead patients [17]. However, these valves are less readily available as
they cannot be mass-produced or available commercially.

Mechanical valves, generally made of carbon or other sturdy materials, last longer
than biological valves and do not need to be replaced. However, they do require the
patients to take blood-thinning medications for the rest of their lives. Recent emerging
technologies have turned aortic heart valve replacement towards 3D printing. It is believed
that the interaction between the artificial heart valve and the patient’s native anatomy
could be significantly improved through the 3D printing of patient-specific models. Unlike
mechanical or biological heart valve replacements, 3D-printed heart valves can be designed
specifically for the size and anatomy of the patient. Although salification is a concern for all
heart valve types, it can play a major role in the longevity and performance of 3D-printed
valves. However, there is little understanding of if and how the salification process stiffens
plastic valves.

1.3. Motivation and Objectives

Recent studies in the cardiovascular field are touting artificial heart valves made of
polylactic acid (PLA), a biodegradable polymer commonly used in additive manufacturing
and extensively in fused deposition modeling. However, 3D-printed heart valves can be
negatively impacted by salification, similar to other artificial heart valves. Moreover, the
extent of degradation of plastic valves by salification is not well understood and has not
been extensively investigated.

In the present study, we undertake a comprehensive surface characterization effort
focused on the salification process of biodegradable polymer-based heart valves. More
specifically, our research is focused on how salification affects PLA thin films at the mi-
croscopic level. Various AFM methods are utilized to help gain a better understanding
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of how salification affects the material properties and quality of PLA at both quantita-
tive and qualitative levels. The methods include tapping mode images, multifrequency
AFM, energy-based AFM analysis, and force spectroscopy. The range of AFM methods in
the present study can be used to provide a comprehensive guide to researchers studying
salification effects on PLA to generate the most meaningful information using AFM.

The knowledge gained by the present investigation will help to understand if 3D-
printed valves are viable for heart valve replacement. The findings can also help determine
if salification can strengthen PLA for additive manufacturing applications. If results show
that salification has caused stiffening on the surface of the PLA polymer, one can decide
how to treat the polymer to reduce the chance of salt bonding to the surface.

2. Methods and Materials

Three PLA film films with increasing salt concentrations were produced to under-
stand how salification affects the material properties of PLA. Although there is a difference
between bulk and surface material properties, it is understood that the performance of
artificial heart valves is dictated by the changes on their surfaces. Additionally, for experi-
mental purposes, spin-coated thin films provide more controlled methods of measurement
for fundamental understanding of the matter. Initially, small beads of PLA were placed in a
glass beaker, and methylene chloride was added to dissolve the polymer. A magnetic stirrer
was then added, and the sample was mixed until all the PLA was dissolved. Three sodium
chloride (NaCl) solutions were then prepared. The first solution had a salt to di-water
weight ratio of 1:10, the second solution had a ratio of 1.5:10, and the third solution had
a ratio of 2:10. With a pipet, equal parts of sodium chloride solution and PLA-methylene
chloride were combined in a beaker. This procedure was repeated for each sodium chloride
solution. Dime-sized silicon wafers were then prepared through a cleaning process with an
ultra-sonic cleaner and an isopropyl and de-ionized water rinse. Each silicon (Si) wafer was
then placed on the SCK-300 digital spin-coater device. The PLA-methylene chloride-salt
solution was deposited on the Si wafers. The sample was then spun at 3000 rpm for 60 s.
This process was repeated for each of the three NaCl concentrations. Each sample was
placed on a glass slide and set aside overnight to fully dry. The samples are referenced in
Table 1.

Table 1. Sample NaCl concentration with given sample numbers.

Sample Number % Weight NaCl Concentration
1 10
2 15
3 20

Once the samples were ready for measurement, the Asylum Research MFP-3D AFM
controlled with an ARC2 controller was used to perform various AFM studies. The same
type of cantilever (Multi75-G), manufactured by Budget Sensors, was used throughout the
measurements for proper comparison of the AFM results. The cantilever’s spring constant
was measured by Sader’s method [18] and was found to be 2.07 N/m with a resonance
frequency of 78 kHz. These cantilevers are around 225 um in length, 28 pm in width, and
3 um in thickness. The tip radious is around 10 nm and made out of silicon.

The conventional tapping mode was the first method used to measure each sample’s
topography and phase. Simultaneously, the observables of the conventional tapping mode
were analyzed from the energy-based method. Specifically, the amplitude and phase signals
collected from tapping mode imaging were converted into virial (V) and dissipated power
(Pts), which are convolutions of the tip—sample interactions with position and velocity,
respectively. Equations (1) and (2) describe the conversions, where index i specifies the
corresponding eigenmode under study, k is the stiffness, A the instantaneous amplitude,
A the free amplitude, f_exc the excitation frequency, f; the free resonance frequency,
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¢ the phase, and Q the quality factor. Based on these equations, if the imaging mode is
simple tapping mode where the excitation frequency is equal to the resonance frequency,
the fexc/f will be reduced to one and will simplify the equations [19,20].

kiA; i\ Ao
Visi = 12 LA (1 — ?;’) — QO: cos<pi1 (1)
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o nfexc,ikiAlz AO,i . fexc,i

The second AFM method performed on each of the samples was a multifrequency
technique called bimodal AFM. In this method, imaging is performed through the simulta-
neous excitation of two different eigenmodes, while the first eigenmode is modulated with
the feedback loop, and the second eigenmode is in an open loop. The technique results
in a series of images, including topography, the first eigenmode amplitude, the second
eigenmode amplitude, the first eigenmode phase, and the second eigenmode phase. Since
one can optimize the two relatively weakly coupled eigenmodes separately, both topogra-
phy and compositional mapping are guaranteed through this technique. In this method,
the free amplitude of the higher eigenmode is the key parameter governing the intensity
of the tip—sample interactions for a given free amplitude and amplitude setpoint of the
fundamental eigenmode [21]. The user can also control the drive frequency, which should
be selected close to the eigenmode frequencies. By observing the governing equation of
motion of the cantilever, it can be seen that the greater indentation capability of higher
eigenmodes is possible with the use of higher eigenmodes:

Fis (Zts>
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where Ay is the free amplitude, z = z/ Ay is the normalized tip displacement, z;, is the
normalized tip—sample distance, = wyt is the dimensionless time, k is the cantilever
force constant, and Fys is the tip-sample force interaction. The free oscillation amplitude
is assumed to be equal to % based on the work done by Ricardo Garcia et al. [21]. The
damping and excitation terms are combined with the L factor. Asshownin Equation (1), the
last term on the right-hand side is normalized by the product of the cantilever force constant
and the free oscillation amplitude. Therefore, as the denominator of this fraction increases,
the effect of tip-sample force interactions on the dynamics of the cantilever diminishes. For
the bimodal AFM case, the force constant of higher eigenmodes is approximately 36 times
the first eigenmode. Therefore, the cantilever becomes less sensitive to forces when excited
with two eigenmodes. Consequently, surface penetration is observed, and if the soft matter
under study can be compressed, the AFM tip will compress the film and a stiffer surface is
observed [22].

The method of force spectroscopy was carried out to understand how increased
salification affects the stiffness of PLA. An approach curve was captured on a stiff glass
slide while the deflection in volts was measured. To collect the appropriate data, an area of
5 x 5 um was imaged using tapping mode AFM, which was also for virial and dissipated
power analyses. Next, we zoomed into the image twice on both a PLA area and salt
contamination area and collected a smaller image around 1 x 1 pm. Once we ensured
that the image focused on one material in particular, a force map of 20 contact mode force
curves was collected over an area of approximately 200 x 200 nm. The same process was
repeated twice per three samples.

Contact mechanics models were used to extract material properties of the samples
by fitting the force curves to the appropriate model. The three primary models included
Hertz, Derjaguin—-Muller-Toporove (DMT), and Johnson-Kendall-Roberts (JKR) [23]. The
Hertz model neglects adhesion and friction, which works well for nanoindentation and
liquid imaging; however, it does not work for most AFM tip—sample interactions, since the
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AFM tip does interact with the sample. Neutral atoms and molecules still experience forces
between one another, so adhesion cannot be neglected. The DMT model is appropriate
for stiffer, longer-range adhesion, while the JKR model is appropriate for stronger and
shorter-range adhesion. Based on this information, the DMT contact model was selected
for force spectroscopy analysis.

3. Results and Analysis

AFM tapping mode was the first method utilized to collect information from each
of the three calcified PLA samples. Figure 2 compares the results of this method for both
topography and phase. Although the topography images show some increases in surface
roughness as we increased the salt concentration on the samples, they are not completely
distinguishable. The main differences between the results were seen in the phase results.
It should be noted that when the cantilever was tuned in air (not interacting with the
surface), the phase value near or at the resonance frequency was about 90 degrees. Based
on the equation of motion of a simple harmonic excited system, as the cantilever interacted
with the surface (stiffer than air), the phase value decreased to values below 90 degrees.
Therefore, a general rule in analyzing phase images states that the lower phase values (i.e.,
darker colors in phase images) represent stiffer surfaces. There were clear regions where
the salt contamination on surfaces was shown. This was shown as islands on samples 2 and
3. However, more importantly, an overall increase in the stiffness of samples was shown
going from sample 1 to sample 3. Overall lower phase values among samples represented
the stiffer surface and tip-sample force interactions, while the contrast between the islands
represented the material composition.

Sample 1 Sample 2 Sample 3

Topography

Phase

Figure 2. Tapping mode AFM results: Top Row: topography images for samples 1, 2, and 3 from
left to right. Bottom Row: Phase images for samples 1, 2, and 3 from left to right. Scan sizes are
5 um x 5 um with a scan rate of 1 Hz, free oscillation amplitude of 100 nm, with 60% setpoint.

For sample 1, which had a 10% salt concentration, the salt presented itself in small,
scattered circles over 6.74% of the surface. The size and shape of these salt particles
appeared to be very similar to the size and shape of the humidity pores depicted by
the dark circles in the topography. Even where those pores presented themselves in the
topography, the phase images showed that they were the same material as where the raised
surfaces occurred. Therefore, the conclusion can be drawn that at the microscale, the salt in
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a calcified PLA sample with a 10% salt concentration binds to both the surface of the PLA
as well as the pores.

For sample 2, which had a salt concentration of 15%, the salt presented itself in
large, scattered islands over 25.44% of the surface. Compared to samples 1 and 3, the salt
concentrations were distributed more evenly over the surface of the PLA. Here, the salt
adhered to the actual surface of the PLA rather than distributed into the pores or binding
with itself.

For sample 3, which had a salt concentration of 20%, the salt presented itself in one
large island with a few scattered and raised circular patches over 33.44% of the surface. The
separation of the PLA and salt concentrations was likely caused by an over-concentration
of the salt solution with the PLA. The solutions were likely separated even before the
spin-coating process occurred, causing the salt to bind to itself and therefore adhere to the
surface of the PLA as singular large islands rather than small scattered islands, as seen in
sample 2.

The subsequent analysis that was performed was a virial and dissipative analysis
based on the amplitude modulation channels from the tapping mode images collected from
each sample. Figure 3 displays the results of this study.
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Figure 3. Results for virial and dissipated power for three PLA samples of increasing salt concentrations.

By visual inspection, both the virial and dissipated power images yielded similar
contrasts to the tapping mode phase images. The dissipated power analysis nearly depicted
the same images, while the virial depicted slightly more detail [24,25]. Again, visually, it
was difficult to interpret a change in stiffness from these images, but further numerical
analysis could show that the results correlated with an increase in stiffness across samples.

The next method used to analyze the calcified PLA samples was bimodal imaging,
where the results were generated through the simultaneous excitation of two eigenmodes
of the AFM cantilever. Figure 4 displays the results of this method, including the topogra-
phy, phase 1 generated through the first eigenmode, and phase 2 generated through the
second eigenmode.

The bimodal imaging results shown in Figure 4 compared well with the results from
normal tapping mode presented in Figure 2, and the topographies appeared to be nearly
identical. Similarly, there was some increase in surface roughness as the salt concentration
increased, but the materials were not completely distinguishable. The phase 1 images were
also nearly identical to the phase images from Figure 2, which clearly distinguished the salt
contaminations from the PLA surface. Moreover, areas of the surface became more detailed
when considering the phase 2 images based on the second eigenmode. This change was
most notable for samples 2 and 3, as the gaps in the salt contaminations began to become
more apparent.
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Sample 1 Sample 2 Sample 3

Phase 1 Topography

Phase 2

Figure 4. Topography, phase 1, and phase 2 results for bimodal imaging of three PLA samples of
increasing salt concentration.

Additionally, the raised area in the top right corner of sample 3 differed between
phase 1 and phase 2. The phase 1 image showed that area as PLA or an area with lower
stiffness, while salt contaminations began to appear in that region on the phase 2 image.
Overall, comparing these sets of images, bimodal imaging allows for a more detailed
understanding of the materials present on the surface compared to normal tapping mode.

The final analysis performed on the three calcified PLA samples was force spectroscopy,
which allowed for the Young’s modulus, or stiffness, of each sample to be collected. A series
of force curves was collected using force mapping over an area of high salt concentration
and primarily PLA. For example, for sample 3, force maps were collected in the dark
purple outer region and the pink inner region depicted in Figure 5a. Figure 5b is an
example of two force versus separation curves for the different areas on sample 2, which
were converted from the raw deflection versus distance curves collected through force
spectroscopy. Figure 5c displays the effective Young’s modulus values for each sample,
which were calculated by fitting the DMT contact model to every curve and performing a
particle analysis to determine the percentage of the surface covered in salt. Figure 5d is a
physical representation of the DMT contact model, in which the DMT spring is represented
as an infinite series of springs. Based on this representation, more springs are activated as
the AFM tip goes deeper into the surface. Therefore, stiffness depends both on the position
of the tip and the contact area.
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Figure 5. Force spectroscopy results: (a) three-dimensional topography of three PLA samples
overlayed with a color scale representing the phases; (b) two force curves of sample 2 on an area
of high salt concentration vs. a primarily PLA area; (c) effective Young’s modulus results using
force spectroscopy and the DMT contact model; (d) spring and AFM tip representation of the DMT
contact model.

The 3D representation of the topography superimposed with the phase clearly dis-
tinguished the areas of high salt concentrations as well as the impact on the roughness of
the samples. Additionally, the slopes of the force versus separation curves over those two
different areas distinguished the stiffnesses. The orange-colored force curve over the salt
contamination area was steeper than the purple curve over the PLA area. This trend was
consistent over each sample, and the Young’s modulus over the PLA areas also increased
from sample 1 to sample 3. Therefore, as the salt contaminations covered a greater per-
centage of the surface and the overall NaCl concentration increased, the effective Young’s
modulus of the samples also increased.

It is important to note the quantitative and qualitative differences when analyzing and
comparing the results from each method, including tapping mode, a virial and dissipative
analysis, bimodal imaging, and force spectroscopy. First, in examining the phase change
across the samples, specifically the PLA regions, it could be interpreted that the stiffness
of the PLA decreases as the NaCl concentration increases. For example, as shown in
Figure 5a, the phases for the PLA regions of samples 1, 2, and 3 were approximately 35°,
30°, and 15°, respectively. However, the force spectroscopy results proved otherwise. The
effective Young’s modulus was calculated as an accumulation of force spectroscopy results
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for both PLA and salt contamination regions on each sample along with their respective
percent surface area. Through this analysis, the force spectroscopy results gathered that the
average Young’s modulus over the PLA regions increased across the samples as the NaCl
concentration increased. Specifically, the average Young’s modulus in these regions for
samples 1, 2, and 3 were 0.774 GPa, 1.062 GPa, and 1.154 GPa, respectively. The standard
deviations were 0.53 kPa, 0.79 kPa, and 0.61 kPa, respectively. A similar trend could be
seen for the salt contamination areas, where phase images indicated that the pink salt
areas of sample 3 had a lower stiffness than the yellow salt areas of samples 1 and 2. Once
again, the force spectroscopy results proved otherwise, as sample 3 had the highest average
Young’'s modulus value of 2.582 compared to values for samples 1 and 2 of 1.718 GPa and
1.373 GPa, respectively. It is also worth noting that these phase trends from tapping mode
were consistent with the phase 1 and phase 2 images from bimodal imaging.

Theoretically, each AFM method should provide the same information about each
sample. However, the results proved there were differences. While there were similarities
between the methods, each method offered additional unique information and could
provide guidelines for researchers when choosing different characterization techniques
for samples with varying mechanical properties. Figure 6 displays the data normalization
results comparing the results of each AFM method to understand the sensitivity of each
AFM characterization technique performed. Sample 2 and sample 3 data were normalized
by sample 1 data for the corresponding method of measurement. For example, in the
tapping mode AFM column, sample 2 and sample 3 average phase values are divided by
sample 1 average phase values. Since sample 1 is the untreated polymer, we used this
sample as the reference point in our study. The closer the value was to one in this plot, the
less of a difference was observed by the measurement technique. The dotted horizontal line
represents the threshold. The average phase for simple tapping mode, average dissipated
power, average phase 2 for bimodal imaging, and the effective Young’s modulus from force
spectroscopy were selected for comparison.

Sensitivity Study of
AFM Characterization Techniques

= Sample 2
w Sample 3

NORMALIZED RATE
o000 =
N DO ® N

o
Tapping Mode Energy Bimodal AFM Force
AFM Quantity Spectroscopy

Figure 6. Normalized data of sensitivity study of AFM characterization techniques.

Overall, the sensitivity study shows that the phase results from simple tapping mode
are not reliable. Although they provide a good sample topography, the phase images are
not necessarily reliable regarding the stiffness of the samples. The energy quantity results
do provide useful information as the sample surfaces become less dissipative, indicating
increased stiffness as salt concentration increases. Additionally, the bimodal phase 2 images
do provide useful information about the samples. The results show that the higher the
salt concentration, the lower the phase values, indicating that stiffness increases across
the samples. Finally, the force spectroscopy results follow the trend exactly as the Young’s
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modulus and stiffness increase across the samples. These results also show that the force
spectroscopy results are more sensitive to the sample change.

Conducting each method proved that using the same technique across samples of
increasing stiffness may not be viable. It also shows that some techniques, such as bimodal
phase imaging and force spectroscopy, provide more useful information than others, such
as simple tapping mode phase. In other words, force spectroscopy and bimodal AFM are
more sensitive to material differences over a given surface. Finally, the comparison between
the normal tapping mode images and bimodal imaging proves that both methods do not
need to be conducted. It would be more useful for the researcher to only consider bimodal
imaging, as the addition of phase 2 and the implementation of two eigenmodes provide
similar yet more accurate information about the samples. This holds true as long as the
product of kAg explained in Equation (1) does not increase drastically, so the forces applied
on soft matter cause damage to the surface.

4. Conclusions

In this study, we compared tapping mode AFM, bimodal AFM, energy analysis
(dissipated power), and force spectroscopy techniques while characterizing one of the
most commonly used biodegradable polymers (PLA). During this study, it was shown
that as the salt concentration on PLA surfaces increases, AFM techniques are capable of
detecting the material property differences. However, it was also shown that each technique
has its own sensitivity to these property changes. Tapping mode AFM is not a reliable
characterization technique for material properties. However, using the amplitude and
phase signals of tapping mode AFM, we derived the virial and dissipated power, which
verified that dissipated power (a combination of amplitude and phase information) is more
sensitive to sample differences. In addition to simple tapping mode AFM, bimodal AFM
was shown to be a useful technique that can detect the material changes while still providing
topographical information. However, its sensitivity is not as good as force spectroscopy
analysis. This study concluded that in order to detect different material properties, force
spectroscopy is the most sensitive technique, although it cannot provide topographical
information. Therefore, based on this work, it is recommended that investigators perform
bimodal AFM imaging, followed by a force map, that can fit different material models
discussed in the paper for a comprehensive analysis.
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Abstract: 3D printability of green composites is currently experiencing a boost in importance and
interest, envisaging a way to valorise agricultural waste, in order to obtain affordable fillers for
the preparation of biodegradable polymer-based composites with reduced cost and environmental
impact, without undermining processability and mechanical performance. In this work, an innovative
green composite was prepared by combining a starch-based biodegradable polymer (Mater-Bi®, MB)
and a filler obtained from the lignocellulosic waste coming from Solanum lycopersicum (i.e., tomato
plant) harvesting. Different processing parameters and different filler amounts were investigated, and
the obtained samples were subjected to rheological, morphological, and mechanical characterizations.
Regarding the adopted filler amounts, processability was found to be good, with adequate dispersion
of the filler in the matrix. Mechanical performance was satisfactory, and it was found that this
is significantly affected by specific process parameters such as the raster angle. The mechanical
properties were compared to those predictable from the Halpin-Tsai model, finding that the prepared
systems exceed the expected values.

Keywords: green composites; 3D printing; FDM; biopolymers; solanum lycopersicum

1. Introduction

Over the last few decades, increasing attention has been focused on the ways to
improve the cost-effectiveness of the production of polymer-related items, by possibly re-
placing part of the polymer needed to manufacture a certain product with waste materials
and/or by-products coming from other industrial, or agricultural, operations; at the same
time, the need and interest in reducing the environmental impact related to the entire life
cycle of polymer-based goods have grown exponentially, suggesting to replace (at least)
part of the polymer itself with materials coming from renewable sources and/or biodegrad-
able [1]. Furthermore, it is obvious that a more significant reduction in the environmental
impacts requires replacing traditional polymers (coming from non-renewable sources) with
bio-based and, preferably, also biodegradable polymers. Among the waste materials which
can be conveniently used as fillers for polymers systems, agricultural, marine, or industrial
wastes from wood processing are particularly attractive; at the same time, it is important
to use biodegradable polymers in order to reduce the environmental pollution related to
plastics [1-8] and to focus on obtaining a satisfactory mechanical behaviour [1-5].

In this background, the biopolymers which are more typically used in the preparation
of green composites are poly (lactic acid) (PLA), polybutylene adipate terephthalate (PBAT),
polycaprolactone (PCL), cellulose and starch-based polymers [2,6]. For instance, Mater-
Bi® (MB) is a family of commercial starch-based biopolymers that have been finding
interesting applications in many fields, thanks to satisfactory mechanical properties, good
processability, adequate thermal stability, biodegradability /compostability and suitability
to be reinforced with natural-organic fillers, as already reported by many papers [4,5,7]. It
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is important to observe that the addition of a natural-organic filler to such polymer matrices
was found to improve the biodegradability [6,7] and, often, to improve the mechanical
behaviour [2,7,9-11]: therefore, plant-based biomasses should be investigated for their
actual potential in achieving both of such fundamental targets and they should preferably
hold the prerequisite of being easily available, cheap, and widely present on the territory.

The Mediterranean area offers a wide variety of plant species (or, in general, lignocel-
lulosic sources), coming from either the agricultural or the marine environment, that can ef-
fectively find applications in the preparation of polymer-based biocomposites. For instance,
these can include Opuntia Ficus Indica (OFI), Posidonia Oceanica (PO) and Hedysarum
coronarium (HC). OFI has already been studied in combination with PLA, to produce
green composites via the compression moulding technique [9]. PO and in particular PO
leaves (POL) have been investigated in several studies, focused on the structure—properties
relationships; finding that the mechanical behaviour can be enhanced and, quite inter-
estingly, that the degradability can be accelerated by the presence of POL [10,12,13]. HC
is very abundant in the Mediterranean area and is known for applications in the agri-
food sector [14,15] but has been recently investigated also regarding the formulation and
preparation of green composites [16,17].

However, the formulation and preparation of innovative and effective green compos-
ites cannot be based only on the choice of the polymer matrix and the filler, but it must
also consider the choice and setup of the optimal processing technique. To this point,
it should be observed that thermoplastic-based green composites are usually produced
by compression moulding, extrusion, or injection moulding [18]; on the other hand, the
continuous development of new and more versatile production solutions, has led to a
significant interest in fused deposition modelling (FDM), a technique (often referred to as
“3D printing”) which is now known for its great versatility: it allows obtaining elaborated
geometries while still granting significant reductions in time and costs, and thus it is already
one of the most promising also with concern to green composites [19-23].

More specifically, there are some recent works where lignocellulosic wastes have been
used as fillers for green composites and investigated for actual suitability to FDM manufac-
turing. HC was combined with Mater-Bi® (MB) [16] or PLA [17] and the green composites
were prepared via two different routes, i.e., compression moulding (CM) or FDM. It was
found [16] that FDM could be preferable up to 10% HC content, leading to better mechani-
cal properties (in particular, with regard to the elastic modulus) in comparison to CM, likely
due to rectilinear infill and fibres orientation; furthermore, it was possible to get more dense
structures than by CM [17], obtaining quite significant improvements of the mechanical
properties (especially flexural ones) in comparison to the neat polymer. OFI and/or POL
were investigated in combination with PLA and processed via FDM, finding that it was
possible to replace up to 20% of the polymer matrix [24], with final samples characterized
by good mechanical properties and satisfactory filler dispersion as well as filler-matrix
adhesion, with very interesting potential applications in the release of fertilizers [25].

As pointed out several times over this brief bibliographic overview, one of the main
goals related to the development and use of green composites depends on the utilization
of natural-organic wastes, coming from flora (both terrestrial and marine) or fauna [26].
From this point of view, one interesting source may come from Solanum lycopersicum, i.e.,
tomato plant. This plant, widely grown in temperate zones across the world, and also in
greenhouses, is one of the most important for its edible purpose. Tomato production in
2020 was led by China with almost 65 million tons, followed by India, Turkey, the United
States and Egypt [27]. During the production and transportation stages, several wastes
are typically produced, accounting for an estimated 10-15% of the total volume and are
commonly used for compost or animal feed [28]. These wastes basically consist of skin,
seeds, and tomato pomace (a by-product of tomato processing, based on peel, seeds and
small amounts of pulp) and many investigations are recently focused on how to exploit
them for higher-value purposes, such as extraction of lycopene, carotenoids, bases for
biofuels, etc. [28,29]. However, much less attention is focused on the lignocellulosic wastes
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coming from the plants after extirpation of the fruits. Such lignocellulosic wastes are usually
driven to incineration or, when discarded on the ground, they can represent a significant
hazard, since they may contribute to feed fires and related events. It would be therefore
preferable to find alternative solutions for such wastes, and their proper incorporation into
green composites may be an optimal way. To our best knowledge, there is no evidence in the
literature about systematic studies on green composites based on biodegradable polymers
(in particular, from the Mater-Bi® family) and fillers obtained from Solanum lycopersicum,
let alone via a more innovative technique such as FDM.

In this paper, therefore, we prepared composites based on a Mater-Bi® polymer and
wastes coming from Solanum lycopersicum, processing them via FDM, in order to explore
the actual suitability to 3D-printing applications. The obtained samples were characterized
from the rheological, mechanical, and morphological points of view.

2. Materials and Methods
2.1. Materials

The biopolymeric matrix used to prepare the green composites was a sample of Mater-
Bi® EF51L (MB) supplied by Novamont SpA (Novara, Italy), a polymer based on blends of
aromatic and aliphatic biodegradable co-polyesters with proprietary composition. In order
to avoid hydrolytic chain scissions during the melt processing, neat MB and MB-based
composites were vacuum-dried overnight at 60 °C before each process.

Solanum lycopersicum plant waste (SL) used in this study was kindly supplied by a
local farm (Sicily, Italy) The plants were mowed after tomato harvesting. In this study, the
whole plant was ground as received in order to optimize production time and costs. More
in detail, the obtained plant wastes were washed and dried in a vacuum oven (NSV9035,
ISCO, Milan, Italy) at T = 40 °C for 3 days, and finally ground using a laboratory grinder
(Retsch, Germany).

SL dried stem showed a Young’s modulus of 404 MPa. The flour, obtained by grinding
the whole plant as described above, displayed an average density of 1.87 g/cm?. It was
further vacuum-dried, overnight at 40 °C, prior to the melt mixing process in order to
reduce potential MB chain scission phenomena during processing.

2.2. Composites Preparations

Firstly, the dried SL plant was ground for 3 min in a grinder (Retsch, Germany). The
resulting powder was then sieved to obtain particles of a size suitable for the 3D printer
(Next Generation, Sharebot, Nibionno, Italy), which, therefore, do not lead to obstructions
in the nozzle. To this aim, and based on previous studies [11,20], the sieving fraction under
150 um was selected. Prior to processing, the obtained SL flours and MB pellets were dried
overnight in a vacuum oven (NSV9035, ISCO, Milan, Italy) at 40 °C and 60 °C, respectively.

In order to obtain a homogeneous dispersion of the filler, according to previous studies,
the filler amounts chosen to prepare the MB-based biocomposites were 5, 10, 15 wt%. All of
the composites (namely MB/SL5, MB/SL10, MB/SL15) and neat MB, for comparison, were
prepared by melt compounding in an internal mixer (Plasticorder, Brabender, Duisburg,
Germany; T = 160 °C, rotor speed = 64 rpm, t = 5 min).

The obtained materials were then ground into pellets and processed in a Polylab
single-screw extruder (Haake Technik GmbH, Vreden, Germany; L/D = 25; D = 19.05 mm),
operating at 40 rpm screw speed and 130-140-150-160 °C temperature profile. The extru-
dates were drawn with the help of a conveyor belt system (take-up speed = 5.5 m/min), to
obtain filaments with a diameter suitable to the printer (1.75 mm).

The samples obtained for fused deposition modelling (FDM) were first designed with
the help of CAD Solid Edge 2019® software (Plano, TX, USA), and the STL files produced
were elaborated on Simplify3D® software (Cincinnati, OH, USA) to obtain the related gcode
files. For each formulation, 60 mm x 10 mm X 1 mm samples were printed using a Sharebot
Next Generation (Nibionno, Italy) 3D printer. FDM operating parameters are reported
in Table 1. Nozzle temperature was chosen after some trials, aiming to avoid nozzle
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obstructions and to obtain good printability performance. The other parameters were
chosen based on the scientific literature [16,17,24-26]. In particular, a 100% infill rate and a
rectilinear infill pattern with a 0° or 4-45° raster angle were chosen in order to evaluate its
influence on the tensile properties of the composites; 45 mm/s printing speed was chosen
to maximize the production rate without compromising the mechanical performance.

Table 1. FDM process parameters.

FDM Operating Parameter Value
Nozzle temperature 160 °C
Bed temperature 60 °C
Infill rate 100%
Infill pattern Rectilinear
Raster angle 0° or £45°
Layer thickness 0.1 mm
Extrusion width 0.4 mm
Printing speed 50 mm/s
Perimeter shells 1
Sample Orientation flat

Sample formulations and sample codes are reported in Table 2.

Table 2. Formulation of investigated samples.

Sample Code MB(‘S:;:;ent SL(SV(:;: )e nt SL N([E::) Size Raster Angle
MB 0° 100 0 - 0°
MB/SL5 0° 95 5 <150 0°
MB/SL10 0° 90 10 <150 0°
MB/SL15 0° 85 15 <150 0°
MB 45° 100 0 - +45°
MB/SL5 45° 95 5 <150 +45°
MB/SL10 45° 90 10 <150 +45°
MB/SL15 45° 85 15 <150 +45°

2.3. Characterizations
Rheological Characterization

Rheological properties of the samples were analysed, using a rotational rheometer
(ARES-G2, TA Instruments, New Castle, DE, USA) equipped with a 25 mm parallel-plate
geometry. All the tests were performed at 160 °C, in frequency sweep mode in the range
1-100 rad/s, by imposing a constant stress of 1 Pa.

2.4. Morphological Analysis

The morphology of SL powder, composites filaments and FDM samples was observed
by using a scanning electron microscope (Phenom ProX, Phenom-World, Eindhoven, The
Netherlands) with an optical magnification range of 20-135x, electron magnification
range of 80-1.3 x 10°, maximal digital zoom of 12x, and acceleration voltages of 15 kV.
The microscope is equipped with a temperature controlled (25 °C) sample holder. The
samples were fixed on an aluminium stub (pin stub 25 mm, Phenom-World, Eindhoven,
The Netherlands) using a glued carbon tape.

2.5. Mechanical Characterization

The mechanical behaviour of SL plant, composites filaments and FDM-printed samples
was investigated by tensile tests, carried out using a laboratory dynamometer (mod.3365,
Instron, Norwood, MA, USA) equipped with a 1 kN load cell. The tests were performed on
rectangular-shaped specimens (60 mm X 10 mm) according to ASTM D638. In particular,
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the measurements were performed by using a double crosshead speed: 1 mm min~"! for
2 min and 50 mm min~! until fracture occurred. The grip distance was 30 mm, whereas
the sample thickness was measured before each test. Eight specimens were tested for each
sample, and the results for elastic modulus (E), tensile strength (TS) and elongation at break
(EB) have been reported as the average values =+ standard deviations.

2.6. X-ray Diffraction

X-ray diffraction patterns were collected by using a RIGAKU diffractometer (D-MAX
25600 HK, Rigaku, Tokyo, Japan). All diffraction patterns were obtained in the 26 range
from 5° to 80° by means of copper Ko radiation (A = 1.54 A) with the following setup
conditions: tube voltage and current of 40 kV and 30 mA, respectively, scan speed of
4° /min with a sampling of 0.004°.

2.7. Differential Scanning Calorimetry Analysis

Differential scanning calorimetry (DSC) analysis was carried out on a Chip-DSC 10
(Linseis Messgeraete GmbH, Selb, Germany) by heating the samples to 200 °C at a heating
rate of 40 °C/min.

2.8. Density Measurements

Density measurements were performed by a Thermo Pycnomatic Helium Pycnometer
(Pycnomatic ATC, Thermofisher, Waltham, MA, USA), using 99.99% pure helium. Measures
were repeated at least six times for each sample, at 25 °C.

2.9. Theoretical Modelling

The outcomes of the tensile tests were compared with those predicted by the Halpin—
Tsai model, which allows esteeming the modulus of composites once are known volume
fractions and elastic moduli of the starting components, and the filler aspect ratio. Accord-
ing to the Halpin—Tsai model, for composites reinforced with fibres randomly oriented, the
composite modulus Ec gt is determined by the following equation:

3 5
Ec, ur = gEL + gET (1)

where E;, and Er are, respectively, the longitudinal and transverse moduli of the composite.
In this case, E; and Er are given by:

EL: m ET:Em

1—17va 1 _77va

1+ (Zl/d)ryva]

1+ 2’7va‘|

where v and vy, are the volume fractions of EE fillers and MB, respectively, [ /d is the aspect
ratio of the fillers while 7y and 5t are constants given by:

(Ef/En) -1 - (Bp/En) -1

"o (Ef/En) + (21/d) " (Ef/En) +2

where, E f and E,, are, respectively, the Young’s moduli of filler and MB.
Volume fractions are determined from the weight fractions and the densities of each
component (i.e., SL and MB) measured experimentally by a helium pycnometer.

3. Results and Discussion

The samples loaded at 5% (MB/SL5), 10% (MB/SL10) and 25% (MB/SL25) filler where
properly extruded into the related filaments, to be subjected to FDM thereafter.

Filament printability (i.e., processability in FDM mode) is directly correlated to the
morphological properties. More in detail, not only the diameter of the filament must be
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suitable for the specific 3D printer used, but its surface must be as even and homogeneous
as possible [26,30]. In addition, printability depends also on the rheological and mechanical
properties of the filaments, which were thus investigated as well. The obtained results are
discussed in the following.

3.1. SL Powder and Filament Characterization

Morphological characterization was carried out first. The main results are shown in the
SEM micrographs reported in Figure 1 for SL powder and in Figure 2 for MB/SL5, MB/SL10
and MB/SL15, respectively. From the SEM micrograph of the powder (Figure 1), it is
possible to notice that SL powder contains elements with different morphology, reasonably
belonging to different parts of the plant: stem and leaf.

Figure 1. SEM images of SL powder.

MB/SL5 MB/SL10 MB/SL15

Figure 2. SEM images of MB/SL5, MB/SL10 and MB/SL15 filaments.

From the samples’ cross-section micrographs (Figure 2), it can be observed that the
SL particles are homogeneously dispersed in the MB matrix, only a few voids are present,
and the general adhesion between the matrix and the particles is good. Furthermore, the
diameters of the MB/SL5 and the MB/SL10 filaments are even and homogeneous, in the
range 1.6-1.8 mm (respectively) which is suitable for the actual printer used. On the other
hand, the MB/SL15 filaments showed uneven diameters.

Rheological measurements were performed on specimens obtained from the filaments,
in order to evaluate the actual processability for FDM purposes.

Figure 3 reports the rheological values of MB and the composite filaments, on increas-
ing the filler content.

As predictable, MB shows a clear non-Newtonian behaviour. The addition of 5% SL
leads to an increase of viscosity over the entire frequency range, as well as a more marked
non-Newtonian behaviour. This tendency further increases by adding 10% SL. When
15% SL is added to the MB matrix, there is a much more drastic increase in the viscosity
and the onset of yield stress phenomena. Such results suggest that only the rheological
behaviour of MB/SL5 and MB/SL10 appears compatible with the 3D printing process,

151



Polymers 2023, 15, 325

whereas MB/SL15 may be not adequately printable, due to the excessively high viscosity
which may lead to nozzle clogging during the process [26].
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Figure 3. Rheological curves of MB/SL5, MB/SL10 and MB/SL15 filaments.

Anyway, optimal printability depends also on the tensile properties of the filaments.
Figure 4 reports the values of elastic modulus (E), tensile strength (TS) and elongation at
break (EB), on increasing the SL content. It can be noticed that the filaments become stiffer
on increasing the SL content, although the effect is much more significant only in the case of
MB/SL15; the tensile strength is similar to that of the neat MB, or even higher, and this is a
satisfactory result since it suggests that the filament should not undergo rupture too easily,
during the process; on the other hand, the deformability drops even at just 5% SL content.

1000
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Figure 4. Tensile properties of MB/SL5, MB/SL10 and MB/SL15 filaments as a function of the
SL amount.

In Figure 5, photos of MB/SL5, MB/SL10 and MB/SL15 filaments before (Figure 5a—c,
respectively), during (Figure 5d—f, respectively) and after (Figure 5g—i, respectively) tensile
test are reported. MB/SL5 and MB/SL10 filaments present a homogenous shape, and their
fracture occurs a few seconds after the 50 mm min~! speed was applied. On the other
hand, the MB/SL15 filament presents an irregular shape due to the high content of filler.
In this latter case, the fracture occurred instantaneously when the 50 mm min~! speed
was applied.

The results of the rheological and mechanical tests allow drawing some general
considerations, propaedeutic for the FDM stage, since viscoelasticity and tensile strength
measurements help to predict problems in printability and possible printing errors [31] In
particular, too high viscosities are not suitable for the process, since the low deformability
can lead to filament blocking at the nozzle of the 3D printer, and subsequent clogging and
rupture (Figure 6a). On the other hand, if the filament is too soft (high decline of viscosity
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at low temperatures), it tends to flow too easily while not pulling correctly, resulting in
nozzle clogging (Figure 6b); furthermore, if it is too brittle, it will break (Figure 6¢) [31].

MB/SL5 MB/SL10 MB/SL15

I (C)

(@)

Figure 5. Photos of MB/SL5, MB/SL10 and MB/SL15 filaments before (a—c, respectively), during
(d—f, respectively) and after (g—i, respectively) tensile test.

Figure 6. Different behaviours of the filament upon entering the melting chamber, at different
viscoelastic and mechanical properties.

These considerations, therefore, suggest that MB/SL5 and MB/SL10 should be easily
printable and without significant defects in the obtained samples (on the other hand, neat
MB may lead to some uncertainty due to the relatively high deformability), while problems
may arise with MB/SL15.

3.2. Printing of the Composites Filaments

Actual 3D printing was then carried out. As expected, based on the previous consider-
ations, neat MB as well as MB/SL5 and MB/SL10 were easily processed, while the filament
containing 15% SL showed to be not printable since the high viscosity caused obstruction
of the nozzle and the filament broke easily.
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The samples were printed with both 0° and 45° raster angles, in order to evaluate
the printability and the effect of the angle on the mechanical properties of the obtained
3D specimens.

3.3. Characterizations of 3D Printed Samples

First, the 3D-printed samples were subjected to morphological analysis on cryofrac-
tured surfaces.

Figure 7 shows SEM images of fractured surfaces, at increasing magnification from
left to right, of MB/SL10, 0° raster samples. In general, it can be stated that filler dispersion
and adhesion are good, as clearly visible from the filler particle circled in green (right),
where no significant voids can be found at the filler-matrix interface.

100 pm

Figure 7. SEM images of fracture surfaces of MB/SL10 0° samples at increasing magnification (from
left to right). The green circle highlights the good adhesion between the matrix and the filler.

Figures 8-11 show the fracture surfaces after tensile tests of the composite samples.
Overall, it may be stated that some fibre pull-out and debonding phenomena are more
visible in the SL5 rather than in the SL10 samples and, especially, in 45° samples (Figure 11)
as opposed to 0° ones (Figure 10).

MB/SL5:0%

200 um | 200um

Figure 8. SEM images of tensile fracture surfaces of MB/SL5 0° samples. The pink circles highlight
fibre pull-out and debonding phenomena.

The actual tensile properties of the 3D-printed samples are shown in Figure 12, in the
case of raster angle = 0° (left) and raster angle = 45° (right). It can be observed that, in both
cases, the elastic modulus and the tensile strength increase on increasing the filler content,
while the deformability decreases. However, such a decrease is significantly less marked in
the case of raster angle = 0°, and the overall results of all the tensile properties are better,
with excellent reproducibility. This confirms the first indications from the morphological
analysis, which could allow supposing higher breaking resistance of the 0° samples, in
comparison to the 45° ones.

154



Polymers 2023, 15, 325

MB/SL5 +45°

Figure 9. SEM image of tensile fracture surface of MB/SL5 + 45° sample.

MB/SL10 0°

Figure 10. SEM image of tensile fracture surface of MB/SL10 0° sample.

MB/SL10 +45°

Figure 11. SEM images of tensile fracture surfaces of MB/SL10 + 45° samples. The blue circles and
arrows highlight fibre pull-out and debonding phenomena.

Such evidence can be further deduced from Figure 13. The 0° raster angle during
printing definitively optimizes the tensile properties, confirming data from the literature,
obtained on similar systems, where 0° raster angle usually optimizes tensile properties,
whereas 45° leads to optimization of flexural and impact properties [10,26,32,33].
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—— E[MPa] — TS[MPa] —— EB[%]
—80

o 110
39}/”;///{ 60
= —40

SL % in MB (£ 45°)

(%) 94

samples as a function of the filler content; raster angle = 0° (left) and raster angle = 45° (right).

200

Figure 13. Elastic modulus (E), tensile strength (TS) and elongation at break (EB) of 3D-printed

4
BB 450 = (° y E :45° E (° ® Em i45° EE (R
136 30
04 28 601 . =
115 110 —_ 24 46
< 21 —
ot 7 S 0d 2 S s %
g = 27 2
104 20+
0- 0-
> & & & @ & £ @
Q \
& KO S ©

samples with different filler content and raster angle.

3.4. XRD and DSC Characterizations

In order to verify if the addition of SL filler leads to some crystallinity variation in
the polymeric matrix, XRD and DSC analysis were performed on neat MB and MB/SL
printed composites and the related outcomes are reported in Figure 14a,b, respectively.
No differences can be noted in XRD curves (Figure 14a) when 5 or 10% of SL is added
to the polymeric matrix. Moreover, the addition of SL powder to MB does not lead to
any significant change in its melting temperature or melting enthalpy (see Figure 14b and
Table 3).
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Figure 14. XRD spectra (a) and DSC analysis (b) of neat MB and MB/SL—printed composites.
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Table 3. Melting temperature and melting enthalpy of 3D-printed samples obtained by DSC analysis.

Sample Weight (mg) Melting Temperature (°C) Melting Enthalpy (m]J/mg)
MB 10.9 132.3 15.8
MB/SL5 8.8 132.7 16.3
MB/SL10 3.3 131.7 15.9

These outcomes confirm that the increase in the tensile property of SL composites, if
compared to the pure matrix, can be effectively attributed to the reinforcing effect given by
the filler.

3.5. Halpin-Tsai Model

Figure 15 shows the trends of Ec/Em (ratio between the elastic modulus of the com-
posite and that of the matrix) on increasing the SL content, both from the experimental (Exp)
results (at 0- and 45-degree raster angles) and the theoretical trend calculated according
to the Halpin—-Tsai model (HT). This semiempirical model allows assessing the composite
modulus (Ec), once five parameters are known, i.e., the elastic modulus of matrix (Em) and
filler (Ef), their volume fractions and the filler aspect ratio [34].
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Figure 15. Ratio between elastic modulus of the composite and the polymer matrix, as a function of
the SL content, according to the Halpin—-Tsai model (HT) and the experimental results (Exp).

The trends clearly outline that the model significantly underestimates the values of
Ec, especially at higher filler contents. This may be due to the filler particles coming from
different parts (wastes) of the tomato plant, thus presenting some natural differences in
terms of morphology and/or mechanical properties. An additional likely explanation may
involve the capability of the polymer matrix to, at least partially, enter the void channels
of SL particles, as presumable on the basis of the SEM images and of the results from our
previous studies on similar (i.e., biodegradable polymer/natural-organic plant waste filler)
systems [9].

4. Conclusions

In this paper, composites based on a Mater-Bi® polymer and wastes coming from
Solanum lycopersicum were prepared and processed via FDM, in order to explore the actual
suitability to 3D-printing applications. Different processing parameters and different filler
amounts were investigated, and the obtained samples were characterized from the rheo-
logical, mechanical and morphological point of view. The adopted processing parameters
allowed optimal processability up to 10% filler content, with satisfactory dispersion of the
filler in the matrix; the same holds for the interfacial adhesion. Mechanical characterization
showed that the tensile strength was kept or even improved upon increasing the filler
content, the elastic modulus was enhanced and only a “physiological” reduction in the
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elongation at break was found; moreover, the processing parameters and, in particular, the
raster angle significantly affected the tensile resistance, with 0° being preferable to +45°.
The experimental mechanical behaviour was compared to the Halpin-Tsai model, finding
positive deviations for the prepared systems. Moreover, the addition of a natural waste
would allow lowering the final cost of the product. Actually, the cost of Solanum Lycop-
ersicum plant waste used in this work is virtually zero, since these are residues from the
harvesting, and they would not find many significantly valuable alternative uses. Overall,
these green composites have great potential for the development of sustainable bio-based
materials aimed at several applications.
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Abstract: In this study, we fabricated an electric double-layer transistor (EDLT), a synaptic device, by
preparing a casein biopolymer electrolyte solution using an efficient microwave-assisted synthesis
to replace the conventional heating (heat stirrer) synthesis. Microwave irradiation (MWI) is more
efficient in transferring energy to materials than heat stirrer, which significantly reduces the prepara-
tion time for casein electrolytes. The capacitance—frequency characteristics of metal-insulator-metal
configurations applying the casein electrolyte prepared through MWI or a heat stirrer were measured.
The capacitance of the MWI synthetic casein was 3.58 F/cm? at 1 Hz, which was higher than that
of the heat stirrer (1.78 uF/cm?), confirming a stronger EDL gating effect. Electrolyte-gated EDLTs
using two different casein electrolytes as gate-insulating films were fabricated. The MWI synthetic
casein exhibited superior EDLT electrical characteristics compared to the heat stirrer. Meanwhile,
essential synaptic functions, including excitatory post-synaptic current, paired-pulse facilitation, sig-
nal filtering, and potentiation/depression, were successfully demonstrated in both EDLTs. However,
MWI synthetic casein electrolyte-gated EDLT showed higher synaptic facilitation than the heat stirrer.
Furthermore, we performed an MNIST handwritten-digit-recognition task using a multilayer artificial
neural network and MWI synthetic casein EDLT achieved a higher recognition rate of 91.24%. The
results suggest that microwave-assisted casein solution synthesis is an effective method for realizing
biocompatible neuromorphic systems.

Keywords: microwave; biocompatible polymers; casein; electric double layer; synaptic transistors;
artificial synapses; neuromorphic computing

1. Introduction

The human brain has the ability to simultaneously calculate and memorize complex
information with an ultra-low energy consumption of ~20 W [1]. This high-efficiency
biological computing is accomplished through massive parallel processing, fault tolerance,
and self-learning through a nervous system with ~10'! neurons and ~10'> synapses [2,3].
Classical computing systems based on the von Neumann architecture, unlike the human
brain, faced increasingly higher power consumption and low computing speed limitations
in terms of information processing due to bottlenecks between physically separated pro-
cessors and memory units [4-6]. To overcome these limitations, neuromorphic systems,
an innovative computing architecture inspired by the exceptional performance of the hu-
man brain in hardware, have received significant attention [7,8]. For implementing an
efficient neuromorphic computing system, analog electronics that mimic synaptic func-
tions, including two- and three-terminal devices, are key. This is because analog synaptic
devices can analogically modulate the conductance of devices such as biological synaptic
plasticity [9,10].

Two-terminal synaptic devices, such as memristor [11-13], spintronics device [14],
and phase-change device [15-17], have been proposed through neural operation and
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geometrical advantages [8,18]. However, unlike the human-brain system, the two-terminal
devices have limitations in that learning and signaling are performed separately. This
is because the terminal receives feedback from post-neurons in the learning process and
outputs signals from pre-neurons for signal transmission [19]. This limitation represents
an incomplete implementation of biological synapses in two-terminal devices. In contrast,
a three-terminal synaptic device can simultaneously learn and transmit signals through
different parts, the gate terminal and the channel, respectively [20]. As a result, synaptic
behavior can be fully emulated by a three-terminal device. In recent years, three-terminal
synaptic transistors using ion-conducting electrolytes as gate insulators have been studied.
Ion-conducting electrolytes contribute to electric double-layer (EDL) formation, allowing
the synaptic function of electric double-layer transistors (EDLTs) to be achieved [21,22].
EDLs, which act as nanogap capacitors, have large capacitances (>1 pF/cm?), resulting in
very strong gate coupling between interfacial electrons/ions in EDLTs [22-24]. Thus, EDLTs
can control synaptic plasticity with low power through channel conductance modulated
by ion migration inside the electrolyte in response to gate bias [25,26]. In addition, as
interest in eco-friendly and biocompatible electronic devices increases, biomaterials based
on polymers, such as chitosan [27,28], starch [29,30], gelatin [31,32], and pectin [33], have
been applied to EDLTs. Recently, it has been reported that casein, which is a biopolymer
accounting for 80% of milk protein, has been utilized for EDLTs mimicking synaptic
behavior based on its rich internal protons [34]. Moreover, these electrolytes are abundant
in nature and inexpensive, especially in solution-based processes [28].

Meanwhile, chemical synthesis through microwave irradiation (MWI) was first re-
ported in 1986 [35]. The polar molecules in the reaction mixture react quickly to the
rapidly changing electric field of the MWI. As a result, rotation and friction of the polar
molecules are induced, enabling direct and homogeneous internal heating in the reaction
mixture [36,37]. Therefore, until now, MWI has been spotlighted and applied to various
organic synthesis and material preparation due to its feature of being an environmentally
friendly high-efficiency heating method [38,39]. Furthermore, MWI has several advan-
tages over conventional heating methods, such as faster heating speed, faster processing
time, volumetric heating, controllable heating, higher heat transfer efficiency, low energy
consumption, and cost-effective processing [40-42].

In this study, we prepared a casein biopolymer electrolyte solution using efficient
microwave heating by replacing the conventional heat stirrer and implemented improved
synaptic properties through casein electrolyte-based EDLTs prepared by microwave-assisted
solution synthesis. Prior to the fabrication of the MWI synthetic casein electrolyte-gated
EDLTs, the frequency-dependent capacitance of metal-insulator-metal (MIM) capacitors
with indium tin oxide (ITO) electrodes and casein electrolyte (synthesized through MWI)
was evaluated to verify the effect of the EDL gating effect in the MWI casein electrolyte. By
constructing our proposed EDLTs, essential functions related to synaptic plasticity, includ-
ing excitatory post-synaptic current (EPSC), paired-pulse facilitation (PPF), signal filtering,
and potentiation/depression, were evaluated. In addition, we performed recognition
simulations using the Modified National Institute of Standards and Technology (MNIST)
dataset via a multilayer artificial neural network (ANN) to demonstrate the application of
the proposed EDLTs in neuromorphic systems. The outcomes were compared with those of
EDLTs gated by the heat stirrer synthetic casein electrolyte. The notable findings of this
study are, firstly, a significant reduction in casein electrolyte synthesis time through MWI
heating; secondly, enhanced synaptic properties based on higher facilitation; and, thirdly,
the improved recognition rate of MWI casein EDLTs.

2. Materials and Methods
2.1. Fabrication of Devices

We fabricated casein electrolyte-gated EDLTs on glass substrates (Corning Inc., New York,
NY, USA) using either MWI synthesis or heat-stirrer synthesis approaches. To form the
bottom-gate electrode, a 300 nm-thick ITO film (In;O3:5nO, = 9:1 mol%, THIFINE Co.,
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Ltd., Incheon, Republic of Korea) was deposited on the glass substrate via radio frequency
(RF) magnetron sputtering. The RF power, chamber pressure, and Ar flow of ITO sput-
tering were 100 W, 3 mTorr, and 20 sccm, respectively. To prepare two types of casein
solutions, 3 wt.% of casein powder (technical grade, Sigma-Aldrich, St. Louis, MO, USA)
and 3 wt.% of acetic acid (purity > 99%, Sigma-Aldrich) were dissolved in 94 wt.% of
deionized water using the MWI or conventional heat-stirrer synthesis method. For the
MWI synthesis process, a microwave of frequency 2.45 GHz and power 250 W was ir-
radiated for 5 min. Meanwhile, a magnetic heat stirring of 800 rpm was performed at
130 °C for 6 h for the heat-stirrer synthesis process. These synthesized precursor solutions
were filtered through a 5 um-pore-size polytetrafluoroethylene syringe filter to remove
contaminants. Then, each casein solution was spin-coated on an ITO/glass substrate at
3000 rpm for 30 s and dried in air for 24 h. An indium gallium zinc oxide (IGZO) film
(InpO3:Gay03:Zn0O = 4:2:4.1 mol%, THIFINE Co., Ltd.) with a thickness of 50 nm was
deposited through a shadow mask using RF magnetron sputtering to form a transistor
channel layer with dimensions (width x length) 1000 pm x 80 pum. Finally, 150 nm-thick
ITO source/drain electrodes with dimensions 1000 pm x 200 um were deposited through
a shadow mask using RF magnetron sputtering.

2.2. Characterizations of the Devices

The fabricated casein electrolyte-gated EDLTs were placed in a dark box to block
external light and electrical noise. The capacitance versus frequency (C—f) characteristic
curves of ITO/ casein electrolyte/ITO capacitors were analyzed using the Agilent 4284A
precision LCR meter (Hewlett-Packard Corp., Palo Alto, CA, USA). The electrical prop-
erties and synaptic functions of the casein electrolyte-gated EDLTs were characterized
using an Agilent 4156B precision semiconductor parameter analyzer (Hewlett-Packard
Corp., USA). In addition, the Agilent 8110A pulse generator (Hewlett-Packard Corp., USA)
was used to apply electrical pre-synaptic stimuli to validate the synaptic behavior of the
fabricated EDLTs.

3. Results
3.1. Preparation of a Casein Electrolyte Solution

Figure 1la,b show diagrams of the synthesis equipment and internal temperature
profiles of casein electrolytes for heat-stirrer and MWI processes, respectively. In the con-
ventional heat-stirrer synthesis, the solution temperature has a non-uniform temperature
distribution where the bottom of the vessel is the highest while the top surface is the
lowest. Therefore, a considerable period of time is required until the temperature difference
decreases due to conduction and convection phenomena. In contrast, since MWI transfers
electromagnetic energy directly to the solution, the uniform temperature distribution is
achieved by volumetric heating that occurs simultaneously with the initiation of the synthe-
sis process. The temperature profiles of the casein precursor solution during the heat-stirrer
and MWI synthesis processes are shown in Figure 1c. The temperatures of the solution
measured using an infrared (IR) thermometer were 135 °C for the heat stirrer and 150 °C
for the MWI. The thermal budgets for both processes were obtained by integrating the
corresponding temperature profiles with respect to the processing times. The conventional
heat-stirrer synthesis process was performed at 130 °C for 6 h and had a thermal budget of
2.3 x 10° °C-s. The MWI synthesis process was performed at 250 W for 5 min and had a
thermal budget of 3.8 x 10* °C-s. Consequently, the MWI process is more efficient in casein
electrolyte synthesis because it takes less time and has 82-times lower thermal budget than
a heat-stirrer process.
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Figure 1. Schematic illustration of solution synthesis equipment and internal temperature profile of
casein electrolyte solution for (a) heat-stirrer and (b) microwave irradiation (MWI) synthetic processes.
(c) Temperature profiles and thermal budgets of conventional heat stirrer (130 °C, 6 h) and MWI
(250 W, 5 min) processes for preparing casein electrolyte solution.

3.2. EDL Operation of MWI Synthetic Casein Electrolytes

To identify the difference in the chemical properties of the spin-coated casein elec-
trolyte film prepared through MWI or heat-stirrer synthesis, Fourier-transform infrared
spectroscopy (FT-IR) analysis was executed in a range of 900 to 4000 cm ™!, as shown in
Figure 2a,b. Broad peaks at approximately 3273 and 3381 cm ™! in MWI and heat-stirrer
synthetic casein electrolytes, respectively, are attributed to O-H stretching [43]. In par-
ticular, casein, which is abundant in mobile protons, is a protein substance that accounts
for about 80% of the total protein in milk, and the main component of the protein is an
amide group [44]. Therefore, peaks related to the amide group were observed from 1700
to 1500 cm ! in both casein electrolyte films, in which the peaks from 1700 to 1600 cm
and 1600 to 1500 cm~! corresponded to the amide I and amide II groups, respectively.
The peaks at 1630 and 1626 cm~! in MWI and heat-stirrer synthetic casein electrolytes,
respectively, are caused by C=O stretching. The peaks at 1526 and 1527 cm ! in the MWI
and heat-stirrer synthetic casein electrolytes, respectively, are due to N-H bending and
C-N stretching. In addition, peaks near 1106 and 1103 cm~! in MWI and heat-stirrer
synthetic casein electrolytes, respectively, are associated with C-O stretching [45,46]. For
quantitative analysis of the peaks, peak deconvolution was performed and the peak area
was divided by the total spectra area to obtain a percentage of the peak area [47,48]. The
area percentages of the O-H, amide I, amide II, and C-O related peaks were 26.92, 19.67,
12.94, and 2.63%, respectively, for the MWI synthetic casein electrolyte, while they were
16.38, 24.45,7.93, and 6.05% in the heat-stirrer synthetic casein electrolyte, respectively. The
presence of O-H groups could help with proton conduction, which facilitates the formation
of EDL by promoting proton migration within the casein electrolyte [29]. Therefore, the
MWI synthetic casein electrolyte has more O-H groups than heat-stirrer synthetic casein
electrolyte, leading to higher ionic conduction. MWI is a way to facilitate chemical re-
actions [49], and microwaves loosen the structure of protein molecules, exposing more
active groups to the synthesis process [50]. Therefore, more chemical reactions occur for
the MWI synthesis process of casein solution, resulting in a higher O-H group ratio in
the MWI casein electrolyte. Subsequently, MIM capacitors with a vertical sandwich struc-
ture were fabricated using casein electrolytes as an insulating layer and ITO as a metal
layer to verify the EDL gating effect in synthetic casein electrolytes. Figure 2c shows the
frequency-dependent capacitance characteristics over a wide frequency range from 1 Hz to
1 MHz. The maximum capacitance appeared at 1 Hz and the capacitance decreased with
increasing frequency. This change is due to the difference in the response time of the mobile
protons in the casein electrolyte according to the frequency. At low frequencies, protons
accumulate at the two interfaces (electrolyte/channel and electrolyte/gate) to form an EDL
because protons have a sufficient response time to reach the interface. The result is a huge
capacitance due to the formed EDL, which is a nanometer-thick parallel capacitor [51]. It
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is noteworthy that the maximum capacitance of the MWI synthetic casein electrolyte was
3.58 uF/cm?, which was higher than that of the heat-stirrer synthetic casein electrolyte
(1.78 puF/cm?). The large capacitance of the EDL has a strong gating effect between the
channel and the gate, allowing for tuning of the conductivity, even at low voltages [22].
Therefore, more energy-efficient artificial synapses can be implemented using the MWI
synthetic casein electrolyte-gated EDLT.

(‘d) MWI casein (b) Stirrer casein 10t (C)
— ——FT-IR spectra N-H, — ~——FT-IR spectra NE —_— © MWI casein
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Figure 2. FT-IR spectra of casein electrolyte films produced through (a) MWI (250 W, 5 min) and
(b) heat-stirrer (130 °C, 6 h) processes. (c) Frequency-dependent specific capacitance of capacitors us-
ing casein electrolyte films synthesized by MWI or heat-stirrer processes. Inset: schematic illustration
of the measured ITO/ casein electrolyte/ITO vertical sandwich structure.

3.3. MWI Synthetic Casein Electrolyte-Gated EDLT

Figure 3a shows the structure of the proposed microwave-assisted synthetic casein
electrolyte-gated EDLT. A structural comparison between the functional mechanisms of
the proposed EDLT and biological synapses is shown in Figure 3b. The gate electrode and
channel layer of the EDLT are considered pre- and post-synapse, respectively. The casein
electrolyte between the gate and the channel is considered a synaptic cleft. In biological
synapses, changes in synaptic weight are caused by the transmission of neurotransmitters,
including K* and Na* ions, through the synaptic cleft, which is analogous to the channel
conductance changes in the EDLT induced by proton transport of casein electrolytes.
Therefore, the drain current associated with the channel conductance is indicative of EPSC
and its change is indicative of synaptic plasticity.

() (b)

Drain Channel

Action potential

Casein electrolyte =

Proton - Neurotransmitter
1

Post-synapse

Gl )
asg s“bstl'ate Gate (Pre-synapse)

Figure 3. (a) Schematic of the proposed microwave-assisted synthetic casein electrolyte-gated electric
double-layer transistor (EDLT). (b) Comparison between the functional mechanism of the proposed
synaptic transistor and biological synapses.

3.4. Electrical Properties of Devices

Figure 4a shows the transfer characteristic curves (Ip—Vg) of MWI and heat-stirrer
synthetic casein electrolyte-gate EDLTs measured in double-sweep mode of gate voltage
(Vg). The Vi double-sweep as the backward after the forward sweeps was performed at a
drain voltage (Vp) of 1V, increasing the maximum Vg from 0 to 5 V in 0.5 V increments.
In the double-sweep transfer curve, the direction of the hysteresis window exhibits a
counterclockwise shape and the hysteresis window increases with increasing maximum
Vi sweep range. This hysteresis characteristic is due to the slow polarization of mobile
protons in the casein electrolyte. In the Vg forward sweep, the larger the maximum Vg, the
more protons are induced at the interface of the casein electrolyte/IGZO channel. Then, in
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the Vg backward sweep, the protons progressively diffuse back in the opposite direction,
increasing the counterclockwise hysteresis window. Figure 4b shows the hysteresis window
(AV) according to the maximum Vg obtained from the double-sweep transfer characteristic
curves. The AV expanded from 0.22 V to 2.64 V with a 0.5 V/V slope in the MWI synthetic
casein EDLT, indicating a greater increase in the AV than that of the heat stirrer (from 0.17 V
to 1.75 V with a 0.3 V/V slope). Figure 4c shows the output characteristic curve (Ip—Vp),
where the drain current (Ip) increases linearly as Vp increases, followed by pinch-off and
saturation characteristics. Since the MWI synthetic casein electrolyte has a stronger EDL

gate effect, the MWI synthetic casein EDLT exhibits larger drain current and AV slope than
that of the heat stirrer.
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Figure 4. (a) Double-sweep transfer characteristic curves of MWI and heat-stirrer synthetic casein
electrolyte-gate EDLTs as a function of gate voltage sweep range (maximum Vg from 0 Vto 5 Vin
0.5 V increments) at a Vp of 1 V. (b) Extracted hysteresis window as a function of maximum Vg.
(c) Output characteristic curves of MWI and heat-stirrer synthetic casein electrolyte-gated EDLTs
versus gate voltage—threshold voltage (Vg — Vi, =04V in 0.4 V increments).

Table 1 summarizes the electrical parameters of MWI and heat-stirrer synthetic casein
EDLTs extracted from transfer characteristic curves at a maximum Vg of 5 V. The MWI
synthetic casein EDLTs exhibited improved transfer properties compared to the heat-stirrer
synthetic casein electrolyte-gated EDLTs, with higher on/off current ratio (Ion /Iog), field-
effect mobility (upg), and hysteresis window (AV), but lower threshold voltage (Vy,),
subthreshold swing (SS), and interface trap density (Dj). In particular, the higher ppg
and lower SS are attributed to the better interfacial state, lower root-mean-square surface
roughness, and Dj; values of MWI synthetic casein. The thickness and surface roughness of
the coated films are shown in Figure S1 (Supplementary Materials).

Table 1. Electrical parameters of MWI and heat-stirrer synthetic casein electrolyte-gated EDLTs.

Ton/Togs SS UFE D¢
EDL Type @aay Ve AV Vided  (em?Vis)  (emP-eV-l)
MWI casein 431 x 107 0.61 2.51 131.59 18.62 1.88 x 1011
Heatstirrer 10 106 0.99 1.75 332.87 224 2.03 x 1011
casemn

3.5. Synaptic Properties of Devices

In the human brain, biological signals are transmitted by diffusing the neurotransmit-
ters between pre- and post-synapses, and in this process, EPSCs, which are transient current,
are generated. The EPSC represents the synaptic weight regulated by the ion flux [28,52],
which increases as the duration of stimulation increases, resulting in an increase in the
EPSC [9]. Similarly, in EDLT, the channel conductivity, and EPSC increase as more mobile
protons inside the casein electrolyte accumulate at the electrolyte/channel interface during
longer spike widths [32].

Figure 5a shows EPSCs of MWI and heat-stirrer synthetic casein electrolyte-gated
EDLTs triggered by a single pre-synaptic spike with a spike amplitude of 1 V for a spike
width of 50 ms at a Vp of 1 V. EPSCs for differences in pre-synaptic spike widths are shown
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in Figure S2 (Supplementary Materials). Figure 5b shows the maximum EPSC values with
various pre-synaptic spike widths. The maximum EPSC value of MWI synthetic casein
EDLT, which increased with the increase in the pre-synaptic spike width, was higher than
that of the heat stirrer. PPF is the essential characteristic of short-term synaptic plasticity
and represents the neuronal facilitation event as a function of spike interval (Atipter), in
which the post-synaptic potentials evoked by the second pre-synaptic spike increase further
when the second closely follows the previous one [27,53,54]. The first pre-synaptic spike
induced the gathering of mobile protons at the electrolyte/channel interface. Then, a
second spike is applied, where when Aty is short, in addition to incomplete relaxation
protons, mobile protons are continuously accumulated at the interface, increasing the
channel conductivity. Figure 5¢,d show EPSCs facilitated by two consecutive pre-synaptic
spikes (1 V, 100 ms) with a Atjpter of 50 ms for the MWI and heat-stirrer synthetic case
EDLTs. EPSCs triggered by various paired pre-synaptic spikes with Atjter of 50-1500 ms
are shown in Figures S3 and 54 (Supplementary Materials). Figure 5e shows the PPF index
as a function of Atjter calculated as the ratio of the first (A1) and second (A;) EPSCs, where
the PPF index increases with shorter Atinter but decreases with longer Atjner. In particular,
MWI synthetic casein EDLT exhibits a higher facilitation, with a PPF index of 180%, than
that of the heat stirrer (PPF index of 141%) at a Atjnter of 50 ms based on a stronger EDL
gating effect. The calculated PPF index was fitted with the following double exponential
decay relationship [55]:

PPF index = A + Cyexp(—Atinter /T1) + Co exp(—Atipper/ T2) (1)

where A is a constant value, C; and C; are the magnitudes of the initial facilitation, and Tq
and T, are the characteristic relaxation times. The values of 11 and T, in the MWI synthetic
casein were 102.8 and 1401 ms, respectively, and 78.4 and 1039.2 ms in the heat-stirrer
synthetic casein, respectively. The results are nearly identical to biological synapses and
indicate that the proposed device allows for subdivisions of the synaptic temporal scale
into rapid and slow stages lasting tens and hundreds of milliseconds [53].
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Figure 5. (a) Excitatory post-synaptic current (EPSC) of MWI and heat-stirrer synthetic casein
electrolyte-gated EDLTs triggered by the pre-synaptic spike (1 V, 50 ms) at Vp =1 V. (b) Maximum
EPSCs with different pre-synaptic spike widths (10, 50, 100, 200, 500, and 1000 ms). EPSC facilitated
by a paired pre-synaptic spike (1 V, 100 ms) with a 50 ms spike interval (Atjpter) of (¢) MWI and
(d) heat-stirrer synthetic casein electrolyte-gated EDLT. (e) Paired pulse facilitation index of MWI and
heat-stirrer synthetic casein electrolyte-gated EDLTs as a function of Atjper from 50 to 1500 ms of the
pre-synaptic spikes.
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Table 2 shows the performance comparisons between the proposed MWI synthetic
casein electrolyte-gated EDLT and various biopolymer-based EDLTs. In our MWI synthetic
casein EDLT, the time of EDL synthesis is considerably reduced and the performances are
superior (Ion/Iog and PPF index) or comparable (Capacitance and SS).

Table 2. Performance comparison of this EDLT with other biopolymer EDL-based EDLTs.

Bi°1]’;‘]’31{mer gﬁ;ﬁfﬁ:ﬁ Ca;’ta;i;‘l“;‘“e Ton/Logs Ss PPF Index Ref.
Starch (91352;'2?55;) ~15uF/ecm?  ~1.6 x 105 A/A M0 mV/dec tm;rlizi/ o ms) [30]
Pectin Ogﬁiﬁﬁiﬂ ~37uF/em?  ~6.6 x 10° A/A ~196 mV/dec (A%;fﬁ%mg [33]
PVA (Il{oegtf:“ﬁr) L3 uF/em? 78 x 10° A/ ~1297mV/dec Atm;ruf;/a ms) [54]
Casein (;1\’;‘6‘71552 Ivr\fin) ~3.58 uF/ecm?  ~4.31 x 107 A/A  ~131.59 mV/dec 0 tm;jio;/z) ms) This work

In addition, synapses perform the function of dynamically filtering information trans-
actions based on short-term synaptic plasticity, as shown in Figure 6a [56]. Figure 6b,c show
the EPSCs of MWI and heat-stirrer synthetic casein EDLTs in response to 10 successive
pre-synaptic spikes with various frequencies from 1 to 9.8 Hz, respectively. Here, the rising
and falling edge time of each pre-synaptic spike is 10 ns. EPSCs generated by sequential
spikes remain almost constant at 1 Hz, increasing with progressively increasing frequency,
indicating short-term facilitation. Thus, the high-pass temporal filtering functions of the
EDLTs were successfully demonstrated [57]. Figure 6d shows the EPSC gain as a function
of frequency, calculated from the ratio of dividing the EPSC-triggered 10th pre-synaptic
spike (A1g) by the EPSC-triggered first spike (A;). At a frequency of 1 Hz, the EPSC gain
was 1 for both EDLTs; however, when the frequency was gradually increased to 9.8 Hz, the
EPSC gain of the MWI synthetic casein EDLT rose to 2.13, which is greater than that of the
heat stirrer (1.79). The MWI synthetic casein EDLT has a larger EPSC gain value based on
higher facilitation than the heat stirrer, indicating that the high-pass filter can be operated
over a wider gain range.
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Figure 6. (a) Diagram of high-pass filtering function in biological synapses. EPSCs for 10 consecutive
pre-synaptic spikes (1 V, 100 ms) at different frequencies (1 to 9.8 Hz) of (b) MWI and (c) heat-stirrer
synthetic casein electrolyte-gated EDLT. (d) EPSC gain plotted against pre-synaptic spike frequency
defined as A1g/A;.
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Synaptic weights are reinforced by repetitive stimuli to indicate long-term changes,
which is long-term plasticity as opposed to short-term plasticity. Long-lasting strengthening
or weakening of synaptic weights is considered long-term potentiation (LTP) or long-term
depression (LTD) [58,59].

Figure 7a shows the modulation of synaptic weights in potentiation and depression
by repetitive pre-synaptic stimuli, which consequently characterizes LTP and LTD. In both
EDLITs, the channel conductance was changed by a potentiation pulse (5 V, 100 ms) and
a depression pulse (—2.5V, 100 ms). In MWI synthetic casein EDLT, the conductance
increased from 30.7 to 105.4 nS for the potentiation stimulus, whereas it decreased from
99 to 28.7 nS for the depression stimulus. This indicates that the stimulation-dependent
conductivity modulation of MW1 is larger than that of the heat stirrer, which is 20 to 39.2 nS
for the potentiation stimulus and 37.6 to 19.2 nS for the depression stimulus. The endurance
characteristics of potentiation/depression in five cycles of potentiation and depression
pulses are shown in Figure 7b, where the conductivity modulation was maintained as
almost constant.
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Figure 7. (a) Modulation of synaptic weights in potentiation and depression properties of MWI
and heat-stirrer synthetic casein electrolyte-gated EDLTs by the number of the applied pre-synaptic
spikes (#). Insets show schematic diagrams of reinforcement and depressive spikes. (b) Endurance
test for five cycles of MWI and heat-stirrer synthetic casein electrolyte-gated EDLTs.

3.6. Recognition Simulation

ANN is a computing architecture that performs complicated calculations, such as
recognition and perception, with a complex network structure in which neurons are inter-
connected, similar to the human brain. To implement neuromorphic systems, it is essential
to build ANNs based on synaptic devices in terms of hardware [60,61]. Figure 8a shows a
designed multilayer ANN model in which the input, hidden, and output layers are fully
connected via synaptic weights. The input and output layers were made up of 784 input
neurons corresponding to 28 by 28 MNIST data and 10 output neurons related to the ten
varieties of digits (0-9), respectively. This model was used for the handwritten MNIST
learning test to evaluate the capability of neuromorphic computing. Figure 8b,c show the
normalized potentiation and depression conductance of MWI and heat-stirrer synthetic
casein EDLTs, respectively. The normalized conductance (Gy/G1) was determined by di-
viding the conductance of each step (Gy) by the first conductance (G1) and was used as a
synaptic weight related to the synaptic strength connecting each neuron in the developed
model. Through nonlinearity analysis of the normalized conductance, important charac-
teristics, including dynamic range (DR), asymmetric ratio (AR), and linearity, which are
highly correlated with the accuracy of learning and recognition, were obtained. The DR
represents the range of conductance modulation defined by dividing Gmax by Gmin. Higher
DR values are required for better accuracy and performance in simulations [62]. The DR
value of the MWI synthetic casein EDLT was 3.42, which was 1.75-times greater than that
of the heat stirrer (1.95). The AR indicates the asymmetry of the changes in the potentiation
and depression conductance. The more symmetrical the conductance modulation is, the
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closer the AR is to the ideal value of 0 and the higher the learning accuracy. The AR can be
extracted using the equation [62]:
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Figure 8. (a) Schematic diagram of an artificial neural network model with input, hidden, and
output layers fully connected via synaptic weights for simulating MNIST recognition. Normalized
potentiation and depression by nonlinearity analysis of (b) MWI and (c) heat-stirrer synthetic casein
electrolyte-gated EDLTs. (d) Simulated MNIST recognition rates with varying numbers of hidden
neurons. (e) Recognition rate by training epoch.

The obtained ARs are 0.43 and 0.55 for MWI and heat-stirrer synthetic casein EDLT,
respectively, indicating that the MWTI is closer to the ideal value and the conductance change
is symmetric. Moreover, the linearity of the increase and decrease in the conductance is
critical for recognition simulation. The nonlinearity factors can be defined as [63]:

w
- Gminx(%> , ifa=0
((Glax — Gly) x 0+ Gy ) /" if a #0

min

®)

where Gy and G;, are the maximum and minimum conductance, respectively, and
w represents an internal variable ranging from 0 to 1. Further, ap and g donate the
nonlinearity factors for potentiation and depression, with an ideal value of 1. The calculated
op and og of MWI synthetic casein EDLT were 2.27 and —0.81, which exhibited higher
linearity in the increase and decrease in conductivity than that of the heat stirrer (o, = 3.86,
a4 = —3.47). Subsequently, an ANN model was designed using the normalized conductance
and the obtained factors, trained with 60,000 MNIST images from the training dataset, and
tested for recognition with 10,000 handwritten images from the test dataset in each training
epoch. Figure 8d,e show the increase in the recognition rate with the increasing number of
hidden nodes and training epochs, respectively. Based on the improved potentiation and
depression characteristics and factors in the MWI synthetic casein, a higher recognition
rate was achieved than that of heat-stirrer synthetic casein. The recognition rates of MWI
and heat-stirrer synthetic casein EDLTs were 90% and 89.48%, with 200 hidden nodes, and
91.24% and 90.63% after four epochs, respectively. Therefore, the MWI synthetic casein
EDLT represents potential as a promising artificial synapse compared to the heat stirrer.

4. Conclusions

We fabricated casein biopolymer electrolyte-gated EDLTs by introducing microwave-
assisted synthesis to casein electrolyte solution preparation. Through MWI assistance, the
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synthesis time of the casein electrolyte was significantly reduced from 6 h to 5 min. Further,
FT-IR analysis and C—f characterization on synthetic casein electrolytes demonstrated that
the MWI processing had a higher EDL gating effect and ionic conductivity between the
channel and gate than the conventional heat-stirrer processing. The MWI synthetic casein
electrolyte-based EDLT exhibited superior double-swept transfer and output properties
compared to the heat-stirrer synthetic casein electrolyte-based EDLT. Furthermore, the MWI
synthetic casein EDLT successfully implemented improved plasticity functions of synaptic
devices, such as EPSC, PPF, signal filter, and potentiation/depression, based on higher
synaptic facilitation compared to the heat stirrer. Additionally, in the handwritten MNIST
learning test, the MWI synthetic casein EDLT achieved higher recognition rates than the
heat stirrer under the same learning conditions. Therefore, these results indicated that the
casein electrolyte-gated EDLTs based on the microwave-assisted solution synthesis process
with advanced characteristics are expected to play a key role in building bio-friendly
neuromorphic computing systems, replacing conventional heat-stirrer synthesis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15020293/s1, Figure S1: Thickness and surface roughness
of spin-coated casein electrolyte films prepared through the MWI and heat stirrer; Figure S2: EPSCs
triggered by single pre-synaptic spikes with different spike widths (10, 50, 100, 200, 500, 1000 ms)
of MWI and heat-stirrer synthetic casein electrolyte-gated EDLTs; Figure S3: EPSCs facilitated by
paired pre-synaptic spikes with various spike intervals from 50 to 1500 ms of MWI synthetic casein
electrolyte-gated EDLT; Figure S4: EPSCs facilitated by paired pre-synaptic spikes with various spike
intervals from 50 to 1500 ms of heat-stirrer synthetic casein electrolyte-gated EDLT.
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Abstract: The primary purpose of the study, presented in this article, was to obtain a composite cement
material intended for osteanagenesis. The 3-tricalcium phosphate powder (3-TCP, 3-Caz(POy);) was
obtained by the liquid-phase method. Setting and hardening of the cement system were achieved by
adding calcium sulfate hemihydrate (CSH, CaSO4-1/2H,0). An aqueous solution of polyvinyl alcohol
(PVA), polyvinylpyrrolidone (PVP), and a PVA /PVP mixture were used as a polymer component.
The methods of capillary viscometry and Fourier-transform infrared spectroscopy (FTIR) revealed
the formation of intermolecular hydrogen bonds between polymer components, which determines
the good miscibility of polymers. The physicochemical properties of the synthesized materials were
characterized by X-ray diffraction (XRD) and FTIR methods, and the added amount of polymers
does not significantly influence the processes of phase formation and crystallization of the system.
The size of crystallites CSD remained in the range of 32-36 nm, regardless of the ratio of polymer
components. The influence of the composition of composites on their solubility was investigated.
In view of the lower solubility of pure 3-TCP, as compared to calcium sulfate dihydrate (CSD,
CaSO4-2H,0), the solubility of composite materials is determined to a greater degree by the CSD
solubility. Complexometric titration showed that the interaction between PVA and PVP impeded
the diffusion of calcium ions, and at a ratio of PVA to PVP of 1/1, the smallest exit of calcium ions
from the system is observed. The cytotoxicity analysis results allowed us to establish the fact that the
viability of human macrophages in the presence of the samples varied from 80% to 125% as compared
to the control.

Keywords: bone cement; composite; 3-TCP; PVA; PVP

1. Introduction

The development of new biomaterials for bone tissue restoration is a relevant topic
in the field of regenerative medicine [1]. This trend is conditioned by the prevalence of
bone tissue defects resulting from fractures, infectious and tumor processes, age-related
osteoporosis, and some other pathological conditions of the bone. Bone tissue regeneration
is a limited and time-consuming process; therefore, it is necessary to use bone substi-
tutes [2]. In addition, serious disadvantages of natural bone grafts are known: An autograft
requires additional surgical interventions and does not exclude the probability of donor
site morbidity, and an allograft can cause tissue rejection and transmit infections [3].

Bone cement can be defined as a family of materials consisting of powder and liquid
phases that, after mixing, form a plastic paste that can self-cure once implanted into the
body. This means that the material is moldable, which ensures a perfect fit to the implant
site and good bone-to-material contact, even in geometrically complex defects [4]. Recent
advances in orthopedic surgery are associated with the use of minimally invasive surgical
techniques. In this area, it is critical to have injectable materials available, and in this
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sense, bone cement can play a decisive role, provided that injectable cement is developed.
An example is the performance of some minimally invasive surgical procedures, namely
vertebroplasty and kyphoplasty, to repair vertebral compression fractures, in which bone
cement is injected into the vertebral body [4].

Improving the properties of bone cement can be achieved by reinforcing the cement
matrix with either particles or fibers [5-10]. In some cases, the addition of water-soluble
polymers can be used to change the adhesion of the cement slurry or its rheological
properties. For construction cement, there is evidence that the combined use of sulfates and
polyvinyl alcohol adversely affects the strength of cement [11]. However, for bone cement,
there are studies confirming that the addition of certain water-soluble polymers can be very
effective in improving the adhesion of bone cement pastes [12,13].

Of the many biomaterials, synthetic calcium phosphates (CaP) have proven them-
selves in a number of studies because of their chemical similarity to the bone mineral
component [14,15]. CaP is used in the form of ceramic products [16,17], coatings on metal
implants [18], or in the form of cement pastes [19,20]. Bone cement is characterized by a
paste-like consistency, set at the body temperature, which allows molding the implant at
the site of the defect with a firm adherence to the surrounding tissues, as well as using a
minimally invasive technique of a surgical operation by means of injection [21-26].

Among CaP, hydroxyapatite (HA, Ca1o(PO4)s(OH),) and tricalcium phosphate (TCP,
Ca3(POy),) have become preferable for bone tissue regeneration [3,27-30]. Based on pub-
lished results [15,31], 3-TCP tends to have higher osteoconductivity as compared to that of
HA and a-TCP. HA has been reported to behave similarly to an inert implant [32], while
-TCP is moderately dissolved as a result of cell-mediated resorption [33-37]. The main
disadvantage of x-TCP is that the resorption rate is too fast [38]. The research results
in [39] show that 3-TCP is an excellent material with respect to stem cell differentiation
and in vivo osteoinduction compared to pure HA and an HA /TCP mixture.

We selected a 3-TCP-based material for the study. The cement powder was obtained
by adding calcium sulfate (CS), which has been used as an orthopedic biomaterial for
many years [40—42]. In [43], the effect of the CS/B-TCP composite was studied as com-
pared to that of 3-TCP with the example of treating iliac bone defects occurring in dogs.
Four months later, CS/B-TCP demonstrated a much greater contribution to the new bone
formation as opposed to that of pure 3-TCP. The addition of medical gypsum will allow
for obtaining a material with selective resorption, where the calcium-phosphate matrix
acts as a relatively stable framework and CS acts as a pore-former and setting component.
The inclusion of biocompatible polymers in the cement formulation will allow the most
complete imitation of the natural matrix of the bone tissue and improve the mechanical
properties of the material. Polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP) are
suitable biodegradable and nontoxic polymers [44,45], and a mixture based on them im-
proves the in vivo stability of polymers, that is, it allows for preventing the PVA suspension
formation under physiological conditions [30].

2. Materials and Methods

[-TCP was synthesized by the liquid-phase method at a pH of 11 according to the
following equations:

9Ca(NO3)2 + 6(NH4)2HPO4 + 6NH,OH — Cag(HPO4)(PO4)5OH + 18NH4NO3

Cag(HPO4)(PO4)5OH — 3{3—Ca3(PO4)2 + H,O

Solutions of calcium nitrate Ca(NO3)2 1.2 M and ammonium hydrophosphate
(NH4),HPO4 0.8 M were prepared separately at room temperature (25 °C). Ca(NO3),
and (NH4),HPO4 were purchased from Sigma-Aldrich (MO, USA). The initial reagents
were taken in equimolar volumes so that the molar ratio of Ca/P elements was 3/2. The
Ca(NO3), solution was added dropwise to the (NHy4),HPOy solution while stirring on a
magnetic stirrer. pH 11 was maintained by adding a concentrated ammonia solution (35%).
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Next, to establish the effect of mixing time on the phase composition of the phosphate,
half of the suspension continued to be stirred for 12 h; in the case of the second half of the
suspension, the next synthesis step immediately began. The white precipitate was washed
with distilled water and isopropyl alcohol. The suspension was subjected to vacuum
filtration. The formed precipitate was dried at 80 °C for a day. The dried powder was
crushed and then calcined at 900 °C for two hours to form the TCP beta phase. In the first
part, after mixing, all the same operations were performed.

PVA (with an average molecular weight of 104,500 g/mol) was purchased from
Sigma Aldrich (Saint Louis, MO, USA). PVP (with a molecular weight of 3500 g/mol) was
provided by Acros Organics (Geel, Belgium). The PVA 5 wt% solution was prepared in
distilled water at 90 °C during constant mixing with a magnetic stirrer for 1 h. The aqueous
PVP 5 wt% solution was prepared at room temperature during constant stirring for 15 min.
The PVA /PVP 5 wt% mixture was prepared by mixing freshly prepared solutions in the
ratiosof 1/3,1/1,and 3/1.

The minimum amount of medical gypsum required for setting the 3-TCP-based
cement was selected experimentally. For this reason, calcium sulfate hemihydrate (CSH,
CaS0y4-1/2H,0) was mixed in amounts of 50, 40, 30, 20, and 10 wt% with B-TCP and
water in a powder-to-liquid ratio of 1/1. When adding 30 wt% of gypsum, the setting was
noticeable, whereas, at 20 and 10 wt%, the consistency was still quite liquid. The following
powder composition was chosen: 30 wt% of CSH and 70 wt% of 3-TCP.

Composite cement materials were obtained by direct mechanical mixing of 3-TCP/CSH
powder components with the addition of pure water and the PVA, PVP, and PVA/PVP
solutions in the ratios of 1/3,1/1, and 3/1. The powder and liquid were mixed in a ratio of
1/1. The synthesis was carried out in Petri dishes. The setting time of the samples varied
from 7 to 10 min. The obtained cement paste was left to harden completely.

The phase composition of the initial components and composites was determined
using a MiniFlex 600 diffractometer (Rigaku). The survey photographing of the samples
was performed under monochromatic CuKo (x = 1.5418 A) radiation in the reflection
angular range of 20 = 5-100° in increments of 0.02°, with a voltage of 40 kV and a speed
of 3 °/min. The phases were decoded and identified using the ICDD diffraction database
(PDF-2/Release 2012 RDB). To calculate the coherent scattering region (CSR), the reflex
value at its half-height was determined using the Gaussian function in Origin software.

The spectra of the surface layer of the samples were recorded by means of the Nico-
let 6700 IR-Fourier spectrometer (Thermo Scientific). The spectra were recorded with a
resolution of 4 cm—1 in the range of 400-4000 cm ™!, using the FTIR attachment.

The 5 wt% solution viscosity of the PVA/PVP mixture, depending on the mixing
time of the solutions, was measured at room temperature using a capillary viscometer
(d =1.31 mm).

To determine the solubility, the samples were soaked in the physiological solution
at 37 °C for 20 days. The total weight loss of the samples and the total concentration of
calcium ions in the solution were recorded every 5 days.

The weight losses were calculated as a percentage using the formula:

Losses, wt% = (mi — m )-100% /mi

where mi is the initial weight of the sample and m is the sample weight after soaking the
sample in distilled water.

The Ca?* concentration in the solution was determined by complexometric titration in
the presence of Eriochrome Black T and the ammoniac buffer solution with a pH of 10.

The viability of immune system cells on the surface of the studied materials was
assessed using the Alamar Blue indicator. The optical density was measured using a Tecan
Infinite 200 microrider at wavelengths of 573 and 605 nm.

The data were analyzed using Student’s ¢-test and presented as an average =+ standard
deviation. Three duplicate samples were used in all the experiments. The data probability
was considered statistically significant for values of p < 0.05.
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3. Results and Discussion

The X-ray diffraction (XRD) measurement results allowed us to establish that the
sample (Figure 1a), left to mix for 12 h, contained two phases: A major 3-TCP and a hydrox-
yapatite (HA) admixture. At the same time, the sample (Figure 1b) obtained without mixing
contained the third phase: Beta-form calcium pyrophosphate (3-CayP,0y7). In this way,
such mixing influences the phase formation process of calcium phosphate. The appearance
of HA and 3-CapP,0O7 admixtures may be caused by an inhomogeneous distribution of
the components in the solution during the deposition of 3-Caz(POy4), [43]. HA forms at a
temperature of approximately 900 °C in air, most likely via HA dehydroxylation [46]. We
selected sample (a) for further work.

1600 (a) 1400 (b)
1400 -
1200
1200 -
1000
1000 -
2 > *
3 800 + Cay(POYO é 800- Ca,(PO,0
g v B-Ca,P,0
S 600 E 600 FCak0;
400
400
200 -
200
0- B-Cay(P O,), ICDD Nz 01-072-7587
1] “ ||| | | L I“"l” IIII L | & B-Cay(P O,), ICDD N2 01-072-7587
10 20 30 40 50 60 70 80 LU—JJ—h-LtJJLhJLULULLLUJJULH—UMLt-UJLk
o 10 20 30 40 50 60 70 80
' 20,°

Figure 1. Sample left to mix for 12 h: (a) 3-Ca3(POy);, (b) Cajg(PO4)s0O.

According to the XRD data, at different ratios of the polymers, the composite samples
are characterized by the same phase composition: (-Caz(POy),, CaSO4-2H,0,
Calo(PO4)6O (Figure 2).

¢ B-ICP v CSD = OA

:p-TCP/CSD/(PVA/PVP=3/1)

*p-T CP/CSD/(PVA/PVP=1/1)

: -TCP/CSD/(PVA/PVP=1/3)

~B-TCP/CSD/PVA

p-TCP/CSD
I — I T I - I " . 1 —— I " I " - I - " 1
10 15 20 25 30 35 40 45 50

20,°

Figure 2. Diffraction patterns of composite cement materials.
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The size of the crystallites in the composite cement samples varied in the range of
28-31 nm and 32-36 nm for the 3-Ca3(POy), and CaSOy4-2H,0 phases, respectively (Table 1),
i.e., there is a fairly uniform distribution of phases by the size of the crystallites. The CSR
values for the 3-Ca3(POy), phase, included in the initial CaP and part of the composites,
essentially do not change. In the case of CSH, the size of the crystallites is somewhat smaller
than that of CSD included in the composites, since hydration occurs when mixing with
water. Then, calcium sulfate dihydrate microcrystals grow in size, intertwine, and grow
together. As a result, the addition of polymers does not significantly influence the processes
of phase formation and crystallization of the system.

Table 1. CSR values of cement and initial powder components.

CSR Values for Different Phases, nm
Sample

B-TCP CSD CSH
B-TCP 30 - -
CSH - — 28
B-TCP/CSD 31 36 -
B-TCP/CSD/PVA 30 34 -
B-TCP/CSD/(PVA/PVP =1/3) 29 32 -
B-TCP/CSD/(PVA/PVP =1/1) 28 33 -
B-TCP/CSD/(PVA/PVP = 3/1) 33 36 -
B-TCP/CSD/ /PVP 28 32 -

The Fourier-transform infrared spectroscopy (FTIR) method was used to study films
of the 5% aqueous solutions of PVA, PVP, and PVA /PVP. Figure 3 shows the fundamental
absorption bands of functional groups. The following specific bands were found for
pure PVA [47,48]. A wide band of approximately 3343 cm~! corresponds to the valence
vibration of the vOH hydroxyl group. Two bands are observed at 2930 cm ! and 2908 cm ™!,
corresponding to the asymmetric and symmetric valence vibrations of vCHy, respectively.
The bands at 1418 cm~! and 828 cm ™! are related to the scissor vibration of §CH, and
stretching of the zigzag-shaped carbon base of vC-C, respectively. The absorption band at
1323 cm ™! characterizes the deformation vibrations of §(CH+OH). The wagging vibration
of 8CH is poorly observed at 1237 cm~!. The absorption of approximately 1084 cm ™!
corresponds to the stretching of the acetyl groups of vC-O that are present in the main PVA
chain. The weak band at 916 cm~! can be referred to as the rocking vibration of 5§CHo.

The following specific bands were found for pure PVP [47-51]. The observed wide
low-intensity band of approximately 3468 cm ! is related to the stretching of the OH-
group of the water adsorbed on the polymer surface. The absorption band at 2951 cm ™!
corresponds to the asymmetrical vibration of VCH,. The bands at 1421 cm~! and 840 cm™
correspond to the scissor vibrations of 6CH; and the chain bending of vC-C, respectively.
The bands at 1657 cm~! and 1284 cm ™! can be referred to as valence vibrations of the vC=0O
carbonyl group and the stretching of the group of the vC-N pyrrolidone ring, respectively.

The participation of the hydroxyl group in the formation of intermolecular hydrogen
bonds is manifested through the shift of the absorption band towards lower frequencies and
a significant increase in its intensity [51]. The absorption band of the PVA hydroxyl group
at 3343 cm ! shifts towards lower wave numbers at 3313 cm ! for the PVA /PVP mixture
due to the formation of an intermolecular hydrogen bond between the PVP carbonyl group
and the PVA hydroxyl group [40]. At the same time, a slight shift of the absorption band of
the electron donor group by 10-20 cm ! is characteristic [51]; therefore, the PVP carbonyl
band group is shifted from 1656 cm ! to 1649 cm~ 1.

The IR spectra peculiarity of CaP is the presence of two doubled absorption bands.
The first is detected at wave numbers such as v = 9001200 cm~! and the second at
v = 350-650 cm ! [52]. Figure 4 shows that the vibrations of the 3-TCP phosphate groups
are located at approximately 550 and 1020 cm ™",

1
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Figure 3. IR-spectrum of the 5% aqueous solutions of PVA, PVP, and PVA /PVP.
— CSH — B-TCP — B-TCP/CSD

—

vOH

VvOH SOH VPO, PO,

1 v 1 N 1 N 1 v 1 N 1 v 1 v I
4000 3500 3000 2500 2000 1500 1000 500
v, oM !

Figure 4. IR spectrum of CSH, 3-TCP, and 3-TCP/CSD water cement.
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In the IR spectrum of 3-TCP/CSD, there is a slight shift of the bands of valence vibra-
tions of the vPO,3~ groups to a longer wavelength region due to the formation of a new
phase on phosphate particles and anion geometry distortion as a result of nonsymmetric
interactions in the crystal. Specific absorption bands are also observed at 3400 cm ! and
1620 cm ™!, which are related to the adsorbed water (bound OH-group), its valence, and
deformation vibrations, respectively. The band at 3527 cm~! appears because of the valence
vibrations of OH-ions of the crystallohydrate lattice (free OH-group) [30].

The sulfate ion can be identified by valence and deformation vibrations in the range
of 980-1100 cm ! and 550-650 cm ™1, respectively [52]. In the case of CaSO4-1/2H;0, there
are fluctuations in the sulfate and hydroxide ions of the lattice, as shown in Figure 4.

The IR spectra of the composites (Figure 5) differ by the small shifts of the sulfate
group band, which may be related to anion geometry distortion, inductive, and mesomeric
effects as a result of the interaction with polymeric chains.

B-TCP/CSD/PVP
B-TCP/CSD/(PVA/PVP=3/1)
B-TCP/CSD/(PVA/PVP=1/1)
B-TCP/CSD/(PVA/PVP=1/3)

B-TCP/CSD/PVA

3S0,>
vOH SOH  vSO,2vPO,* PO,
A |

I T T M T T T M T M T T
4000 3500 3000 2500 2000 1500 1000 500
v, em™!

Figure 5. IR spectra of composite cement materials.

A graph was constructed based on the capillary viscometry results (Figure 6). In
the first 3040 min of mixing the polymers, the relative viscosity increases significantly.
These results can be explained by the interaction between PVP and PVA, conditioned
by the formation of intermolecular hydrogen bonds between the carbonyl group of the
pyrrolidone ring and the side hydroxyl PVA group.

A series of experiments were conducted to study the solubility of the samples. The
data in Table 2 demonstrate that the weight losses of cement materials increased along
with an increase in the soaking time of the samples. In view of the lower solubility of pure
-TCP as compared to CSD, the solubility of the composite materials is more determined
by the CSD solubility. In the case of the composites, weight losses varied in the range of
68 to 76 wt%, while in the occasion of pure 3-TCP, the losses reached only 47 wt%.

In the case of the composites containing a mixture of polymers, the release of calcium
ions is lower than that in the composites containing only one polymer (Figure 7). The
interaction between PVA and PVP manifests itself in a solution viscosity increase, which
hinders the diffusion of calcium ions.
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Figure 6. Relative viscosity measurement of the 5% solution of the PVA /PVP mixture.
Table 2. Weight losses of the composites and the initial 3-TCP depending on the duration of sample
soaking in the physiological solution.
Weight Losses, wt%
Number of Days B-TCP B-TCP/ B-TCP/ B-TCP/CSD/ B-TCP/CSD/ B-TCP/CSD/ B-TCP/
CSD CSD/PVA (PVA/PVP =1/3) (PVA/PVP = 1/1) (PVA/PVP =3/1) CSD/PVP
5 33 34 54 63 60 47 34
10 40 48 62 65 64 60 40
15 46 67 75 67 69 72 69
20 47 68 76 70 72 76 69
41.00
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30.00 4\m
0
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=} '&C o NS
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31.00 3.0 N
3 days 3464 34.19 33.93 31.43 33.93 34.19 B3 days 343
10 days 36.57 3557 3414 3321 34.96 35.07 10 days 357
13 days 37.64 36.79 35.00 3357 33.36 36.43 15 days 393
u20 days 30.29 3714 36.43 3136 3643 37.14 820 days 407

Figure 7. Release of Ca’*

ions within 20 days for the composites and the initial 3-TCP.

The studies conducted on human macrophages (Figure 8) have shown that, in the

presence of the samples, most of the cells do not die. The viability of monocytes varies from

80% to 125% as compared to the control (100%).
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Figure 8. Viability of human macrophages in the presence of composite cement.

Within the series, there is no unique dependence of cytotoxicity on different concen-
tration ratios of polymers in the cement composition. Comparing the composites with
individual polymers, it is possible to state that cell viability is higher in the presence of
PVP, which confirms its hemocompatibility. It is also possible to observe that some donors
have an individual reaction to the material: Donor 2 shows lower viability relative to other
samples, which suggests that the viability of monocytes in the presence of materials is
comparable to the control or higher. The fact that more cells survive in some donors than in
controls indicates that the environment in the presence of materials is more favorable and
more cells survive after incubation. From parallel studies [53] involving hydroxyapatite
and polyvinyl alcohol-based gels, we know that PVA supplementation can significantly
improve macrophage survival. In the case of bone cement, we observe the same effect.
Thus, it can be assumed that the co-administration of polymers has a beneficial effect on
the viability of macrophages, which shows the possibility of further development of these
studies, which may consist of finding a narrower range of effective concentrations of the
components, as well as establishing and improving mechanical characteristics.

4. Conclusions

1.  In this work, a number of composite cement materials based on 3-TCP and CSD
were obtained and characterized with the addition of PVA and PVP solutions and a
PVA /PVP mixture solution in the ratiosof 1/3,1/1, and 3/1.

2. The selected polymers mix well with each other and form a stable homogeneous
solution. The formation of intermolecular hydrogen bonds between the polymer
components was detected by capillary viscometry and IR-spectroscopy.

3. According to the XRD results, the added amount of polymers does not significantly
influence the processes of phase formation and crystallization of the system.

4. It has been found that the solubility of the cement is determined to a greater extent
by the CSD solubility in view of the lower solubility of pure 3-TCP. The manifested
interaction between the polymeric components hinders the diffusion and release of
calcium ions.

5. The study of the cytotoxicity level of the composite cement materials has shown
that most of the cells do not die in the presence of the samples. Consequently, these
composites are very promising biomaterials for bone regeneration.
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Abstract: The problem of bacteria-induced infections threatens the lives of many patients. Meanwhile,
the misuse of antibiotics has led to a significant increase in bacterial resistance. There are two main
ways to alleviate the issue: one is to introduce antimicrobial agents to medical devices to get local
drug releasing and alleviating systemic toxicity and resistance, and the other is to develop new
antimicrobial methods to kill bacteria. New antimicrobial methods include cationic polymers, metal
ions, hydrophobic structures to prevent bacterial adhesion, photothermal sterilization, new biocides,
etc. Biodegradable biocompatible synthetic polymers have been widely used in the medical field.
They are often used in tissue engineering scaffolds as well as wound dressings, where bacterial
infections in these medical devices can be serious or even fatal. However, such materials usually
do not have inherent antimicrobial properties. They can be used as carriers for drug delivery or
compounded with other antimicrobial materials to achieve antimicrobial effects. This review focuses
on the antimicrobial behavior, preparation methods, and biocompatibility testing of biodegradable
biocompatible synthetic polymers. Degradable biocompatible natural polymers with antimicrobial
properties are also briefly described. Finally, the medical applications of these polymeric materials
are presented.

Keywords: biodegradable; biocompatible; antibacterial; synthetic polymers; natural polymers;
medical applications

1. Introduction

Infections, particularly implant-associated and hospital-acquired infections, present
a global medical risk and cause serious injuries and deaths every year [1]. More than
23.5 million immunocompromised patients require immunosuppressive drugs, such as
acquired immunodeficiency syndrome (AIDS), rheumatoid arthritis, and organ transplant
patients. These drugs suppress the body’s normal immune response, making patients more
susceptible to fungal and bacterial infections. For example, there are 300,000 HIV-related
infections and 10,000 deaths in the United States every year [2]. In addition, exposure
to other common pathogens such as Pseudomonas aeruginosa (P. aeruginosa), Escherichia
coli (E. coli), Salmonella, and Staphylococcus aureus (S. aureus) can escalate into threatening
infections that may lead to sepsis-related death [3]. It has been shown that the implant-
associated infections are caused by incomplete preoperative sterilization procedures, the use
of non-standard protocols during surgery, and hematogenous sources to the implant surface
after surgery, resulting in financial hardship or even death for patients [4,5]. Infections
caused by implants are usually attributed to bacteria, and the biofilm facilitates the bacteria
adhering to the implant from the host’s defense system and bactericidal agents [6].
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Further, opportunistic pathogen infections will pose a serious threat in organ trans-
plants, prosthetic grafts, and tissue-engineered structures [7]. To solve this problem, some
researchers have added antibacterial substances, such as silver and antibiotics, to the scaf-
fold [8]. The overuse of antibiotics has led to the emergence of drug-resistant strains and a
growing problem of bacterial resistance [9]. The scaffold may also lose its antimicrobial
activity after the complete release of the antimicrobial substances [8]. New antimicrobial
treatments are therefore essential for the control of hospital-acquired infections arising as a
complication of surgery and post-surgery [10].

To alleviate the problems caused by antibiotic resistance, efforts have been made to
develop polymer materials with antimicrobial properties featuring the ability to prevent
bacteria from adhering or even to disrupt bacterial cell membranes [11]. In addition, the
structure and shape of synthetic polymers can be engineered to satisfy medical require-
ments [12]. Amongst these, biodegradable and biocompatible polymers have attracted a
great deal of attention. Typical antibacterial polymers stand out in terms of their chemical
stability. Moreover, the polymer composition needs to be biocompatible and degradable
in vivo and in vitro [13]. The biodegradability of polymers can be achieved by the presence
or incorporation of unstable chemical linkages (e.g., ester, amide, and carbonate bonds) [14].
Biodegradable polymers are usually divided into two categories: synthetic polymers and
natural polymers [15]. Biocompatible synthetic polymers are often biodegradable, and
the products of degradation can be absorbed by the human body. Natural polymers are
metabolized into metabolites that are easily cleared by the kidneys or can be used by the
body [16]. Common synthetic polymers include polyglycolic acid (PGA), polylactic acid
(PLA), poly(lactide-co-glycolide) (PLGA) and polycaprolactone (PCL). Some natural poly-
mers, such as cellulose, gelatin, and chitosan, are also common degradable biocompatible
polymers [17].

A variety of antimicrobial methods have been developed on degradable biocompatible
polymers. For example, as an environmentally friendly class of antimicrobial agents, the
cationic polymer is less likely to cause resistance because it kills bacteria primarily by
disrupting cell membranes. Currently, cationic polymerization has been used in polymers
such as waterborne polyurethane [18,19], and natural cationic polymers such as chitosan
have been extensively studied for antibacterial purposes [20]. In addition, metal ions are
also common additions to polymers for antibacterial purposes, such as Ag*, Zn*, Cu*, and
so on. Degradable polymers achieve antimicrobial effect by slowly releasing metal ions.
Nonionic antimicrobial polymers have also been extensively studied recently. Instead of
interacting with bacteria through ions, nonionic polymers produce antimicrobial effects
by adding some nonionic substances, such as curcumin, piperine, indole, aspirin, and so
on [21]. These non-ionic antimicrobial agents may interact with bacteria due to hydrogen
bonding, hydrophobic, dipole, etc. Although many non-antibiotics using antimicrobial
methods have been investigated, the use of antibiotics is still a convenient and effective
method for antimicrobial resistance. Degradable polymers not only allow the slow local
release of antibiotics, but also reduce bacterial resistance compared to systemic antibiotic
use. Therefore, the controlled release of drugs on degradable polymers is also a widely
investigated topic.

For chronic osteomyelitis [22], bone tissue engineering [23], and wound healing [24],
long-term antimicrobial therapy or avoidance of bacterial infection at the injury site is
required. However, the long-term systemic use of antibiotics is very expensive and often
causes systemic adverse effects [25]. Therefore, the focus of antibiotic therapy is to achieve
high concentrations of antibiotics at the site of infection using a local delivery system to
avoid the side effects associated with systemic administration. If a non-degradable drug
delivery system is used, a secondary procedure is required for removal [26]. Therefore,
efforts have been made to develop drug-delivery systems based on biodegradable biopoly-
mers. The rate of drug release can also be regulated by adjusting the degradation rate of
the biodegradable polymer.
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This paper aims to review the antimicrobial behaviors and applications of biodegrad-
able and biocompatible polymers in novel antimicrobial approaches developed for the
alleviation of antibiotic resistance. These polymers hold great promise for applications,
such as tissue engineering, drug delivery, and wound healing.

2. Approaches to Enhance Antibacterial Potential

Typically, two main methods are used to resist bacterial infection; the first method
is the construction of antifouling biocompatible surfaces through hydrophilic polymers
or superhydrophobic structures for resistance to bacterial adhesion [27]. Hydrophobic
structures also can be inserted into the cell membrane, causing the rupturing of cell mem-
brane, releasing cytoplasmic components (such as DNA and RNA), leading to the death of
bacteria. Figure 1 shows the prevention of bacterial adhesion on a microstructured surface
and the destruction of the bacterial cell membrane by surface microstructure. However,
once bacteria are attached to the polymer surfaces, it will be difficult to inactivate the
bacteria due to the formation of biofilms [28].

adhesion

(a) (b)

% Live bacteria _‘m Dead bacteria

Figure 1. (a) Prevention of bacterial adhesion on microstructured surface; (b) destruction of bacterial

cell membrane by surface microstructure.

Yi et al. [29] developed a way to sterilize ZnO nanorods. The dead bacteria attached
to the nanorods can be removed in an aqueous solution, thus restoring the antimicrobial
properties of the microstructure. Wang et al. [30] prepared Zn-liganded polydopamine
coatings that have surface microstructures and are superhydrophilic. Fajstavr et al. [31] used
a high-energy excimer laser to treat the polydimethylsiloxane (PDMS) surface and obtained
ripple-like surface nanopatterns. The nanopattern had a significant bactericidal effect. Li
et al. [32] synthesized structurally homogeneous small-diameter mesoporous nanospheres
that can convert hydrogen peroxide (H,O;) into reactive oxygen species for bactericidal
effects. Cheng et al. [33] proposed activatable nanostructures. The structure provides an
acoustodynamic sterilization method and enhances the proliferation and differentiation of
osteoblasts. Nanostructures often produce antimicrobial effects through acoustodynamic
or photodynamic catalysis or kill bacteria by physical puncture. Nanostructures can also
be combined with other antimicrobial agents to produce a synergistic antimicrobial effect.

The second method uses antibiotics to actively kill bacteria and has a high bactericidal
efficiency [27]. Antibiotics are a great invention. Since the discovery of penicillin, antibiotics
have saved countless lives [34]. However, with the misuse of antibiotics, bacterial resistance
has caused increasingly serious problems [35]. Despite ongoing efforts to find new drugs
or alternatives to antibiotics, no antibiotic or its alternative have been clinically approved in
the past 30 years [36]. To address the drawbacks of these two methods, some antimicrobial
substances can be added to the hydrophobic surface to enhance the antimicrobial activity.
Spasova et al. [37] prepared the superhydrophobic nanofiber materials of polyvinylidene
fluoride and polyvinylidene fluoride-co-hexafluoropropylene by electrospinning technique
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and incorporated with ZnO nanoparticles. The addition of ZnO not only increased the sur-
face hydrophobicity, but also imparted antibacterial properties to the materials. Mirzadeh
et al. [38] prepared PU/TiO, nanoparticles/graphene nanosheet composite films by the
spraying technique. Non-solvent-induced phase separation increased the surface rough-
ness and hydrophobicity of the films. The TiO, was incorporated as an antimicrobial
agent. Antibiotics can also be added to biodegradable materials to achieve local drug
delivery and reduce systemic toxicity as well as drug resistance. Antibiotic-containing
degradable polymer nanosystems (e.g., polymer vesicles and micelles) are used to deliver
antibiotics [13]. One or more antibiotics are loaded into biodegradable polymer scaffolds
for implantation into the body to accomplish the local release of antibiotics [39]. Studies
have shown that bacterial cells carry more negative charges than mammalian cells do [40].
Therefore, this feature can also be exploited to explore new antibacterial methods, which
can be bactericidal without affecting the normal growth of the cells. Cationic polymeric
antimicrobial agents, such as polyhexamethylene biguanide and chitosan take advantage
of this property. The positively charged cationic polymers rely on electrostatic attraction
to bacterial cell membranes, which leads to cell membrane cleavage and bacterial death.
Metal ions are also common bactericides, taking Ag* as an example. The Ag* can rely on
electrostatic adsorption on the cell membrane, and peptidoglycan reaction with the cell
wall, further penetrating the cell, leading to cell membrane cleavage. The Ag* will react
with enzymes and proteins after entering the cell, leading to the loss of normal cell function.
The Ag* also produces reactive oxygen radicals, ROSs, which bind to DNA and inhibit
DNA, RNA, protein synthesis, thus leading to bacterial inactivation.

3. Synthetic Biodegradable Polymers for Antibacterial Applications

Synthetic biodegradable polymers are considered biocompatible and highly safe and
have found numerous applications in the biomedical field [41]. Due to the degradable
nature of polymer implants, they can be removed at the end of the functional life of the
implant without surgical intervention. In tissue engineering, synthetic biodegradable poly-
mers usually provide suitable mechanical properties and facilitate cell proliferation and
differentiation, making it an excellent material for scaffolds [42]. Synthetic polymers have
the advantage of being easy to process and mold, so there are more possibilities in terms of
usage properties. Synthetic biodegradable polymers usually have no inherent antimicro-
bial ability. Therefore, the antimicrobial activity of synthetic polymers can be effectively
improved by mixing with antimicrobial substances. Some inorganic substances can also
be incorporated to endow them with antimicrobial ability. Different synthetic polymers
have their own characteristics, such as degradation rate and hardness. To maximize their
advantages, different polymers are often added to the material system to form composites
or blends in previous studies. At the same time, these polymers have great potential as drug
carriers, due in large part to their biodegradability, biocompatibility and the possibility of
developing sustained /controlled /pulsed release and targeted drug delivery [43].

3.1. Polylactic Acid (PLA)

The PLA is one of the most widely used polymer materials for polymeric scaffolds
in tissue engineering application because it has natural advantages of good mechanical
properties, degradability, biocompatibility, and low cost [44]. However, the PLA has some
limitations. For example, its hydrophobicity may undermine its biocompatibility. Human
cells may be damaged if they are exposed to lactic acid, a degradation product of the
PLA, for long periods of time [45]. Different parameters may result in the PLA exhibiting
different mechanical properties, such as crystallinity, molecular weight, and processing [46].
The properties of the PLA can also be changed by tuning the material formulation, such
as adding plasticizers, preparing blends, or composites with other materials. Thus, some
chemical constituents are normally added into the PLA to improve various properties [47].

Llorens et al. [48] prepared the PLA nanofibers equipped with polybiguanide (PHMB)
and with an average diameter between 560 and 630 nm by using the electrostatic spinning
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method. The PHMB-loaded PLA scaffolds have antimicrobial properties. On the one
hand, the loading of PHMB increases the hydrophobicity of the scaffold, making it difficult
for bacteria to adhere. On the other hand, the PHMB, as a cationic oligomer, has strong
antibacterial activity. Scaffolds prepared by the electrostatic spinning method have porous
structures that facilitate cell adhesion and proliferation. However, high concentrations
of the PHMB are toxic to human cells, so it is important to control the concentration of
the drug in the scaffolds and the rate of scaffold degradation. The experimental results
showed that the concentration of PHMB did not affect the growth of cells when it was
lower than 1.5 wt%. The PHMB-loaded PLA scaffolds showed biocompatibility in terms
of the adhesion and proliferation of fibroblast and epithelial cell lines. Moreover, the slow
and controlled drug release allowed the addition of PHMB in the scaffold at higher than
safe concentrations.

Han et al. [45] proposed an innovative method for the preparation of PLA/chitosan
(CS) composite films by using non-solvent induce phase separation (NIPS). The PLA/CS
films prepared using the NIPS are more hydrophilic than those prepared using the casting
method, which will result in better biocompatibility and a faster degradation rate of the films.
The films prepared using the NIPS can also adjust the pore size of the porous structure to
regulate the degradation rate. The PLA-based films were tested for their antibacterial activity
against E. coli. The results showed that the antibacterial ability of the pure PLA film is not
obvious due to the polymer structure of the PLA. The addition of CS greatly increases the
antimicrobial activity, indicating that the CS is the main antimicrobial component in the film.

The porous film was experimentally demonstrated to be degradable, self-supporting,
antibacterial, and transparent. The degradation of CS releases small alkaline molecules,
which can neutralize the acidic degradation products of PLA and avoid some inflammation,
resulting from acidic degradation to a certain extent.

Douglass et al. [49] combined the nitric oxide (NO) donor S-nitrosoglutathione (GSNO)
with polyhydroxybutyrate (PHB) and the fiber-grade PLA for the manufacture of antimi-
crobial NO releasing nanofibers. In this study, the PLA was first mixed with the PHB in
solution, stirred for 2 h, and then the GSNO was added into the solution. The fibers are
formed by electrostatic spinning after 4 h. The fiber grade PLA synthesized with different
length—diameter ratios overcomes some of its disadvantages, such as poor heat resistance
and fragility. When the PLA was mixed with the PHB by a ratio of 3:1, the blends showed
the best plasticity and maintained a certain tensile strength. The GSNO was added as a
source of NO release because of the great role of NO in regulating antimicrobial behavior in
blood vessels. Compared to PLA /PHB fibers, GSNO-containing fibers showed a significant
reduction in colony forming units (CFU) measurements of S. aureus after both 2 and 24 h of
exposure. After 2 h exposure, the bacterial survival rate of fibers containing GSNO was
significantly lower than that of PLA/PHB fibers. The bacterial cell membrane on PLA /PHB
remains intact, while that on PLA/PHB + 20 wt% GSNO is disrupted. This is due to the
release of NO that disrupts the cell membrane.

Although the release of NO helps to kill bacteria, high concentrations of NO will be
toxic to mammalian cells. Therefore, mouse fibroblasts were exposed to a 24 h leachate of
fibers. The result shows that none of the fibers caused a significant decrease in cell viability
compared to cells that were not exposed to the leachate. This demonstrates that nanofibers
are not cytotoxic to mammalian cells. Therefore, NO-releasing nanofibers are a promising
coating for blood-contacting medical devices.

Sharif et al. [50] synthesized composite scaffolds of the PLA /PCL blended with nano-
hydroxyapatite (n(HA)) and cefixime-f3 cyclodextrin (Cfx-BCD) by electrospinning. In
this study, the PLA and the PCL were mixed with the HA, Cfx, and Cfx-CD to form
composites film by electrospinning. Their antibacterial ability and effects on cell growth
were compared. The antibacterial activity of the membrane was determined by using the
S. aureus strain. After adding Cfx, the number of bacteria on the membrane decreased
significantly within 24 h. The number of bacteria on the membrane continued to decrease

189



Polymers 2023, 15, 120

when HA was added to the composite membrane. The best antibacterial activity was
PLA-PCL-BCD-Cfx (PPH-BCD-Cfx) composite membrane.

The mouse pre-osteblast cell line (MC3T3) was cultured on the membrane to evaluate
the cell viability on different membranes. The MC3T3 can attach and proliferate on all three
membranes.

The addition of HA improved the osteoconduction of the composite. The BCD realizes
the control of drug release as a carrier of antibiotics. The membranes were shown to have
good antibacterial properties and to promote cell proliferation and attachment.

3.2. Polycaprolactone (PCL)

The PCL is a medical synthetic polymer with biocompatible and biodegradable prop-
erties. Due to its flexibility, low density, and easy processing, it has been widely used in
tissue engineering scaffolds. In addition, it has good mechanical strength, rigidity, and heat
resistance [51]. Its breakdown products form naturally occurring metabolites, which are
readily metabolized by the body and eliminated without toxicity [52].

In previous research study, natural antimicrobial compounds, such as curcumin,
piperine, eugenol, and rutin, were loaded into electrospun nanofibers based on the PCL [53].
A wound dressing was prepared by electrospinning. The SEM images showed that the
nanofibers prepared by electrospinning were more uniform after adding curcumin and
piperine. The diameter of the fiber can vary with the change in curcumin concentration.
Novel three-component systems of curcumin—piperonin—eugenol (PCPiEu) and curcumin—
piperonin—rutin (PCPiR) were designed and prepared. The growth of S. aureus in the
presence of different wound dressings was studied. The growth of bacteria on pure PCL
is tremendous, and so pure PCL has no antibacterial activity. With either the addition of
curcumin or piperine, the number of bacteria was greatly reduced. In addition, the PC has
almost no antibacterial activity against Enterococcus faecalis (Gram-negative), while both
PCPiEu and PCPiR have a killing rate of more than 95%.

The MTT test was performed on different wound dressings using human fibroblasts
to evaluate the cytotoxicity of wound dressings. The experiment proved that the pure
PCL exhibited the highest amount of cell proliferation, which proves that the PCL has
high biocompatibility. The result shows that the cell viability of piperine based on PCL
samples is the lowest, which proves that piperine has cytotoxicity. The cell viability of
PCR samples was higher than 100%, indicating that it was favorable for cell growth. In
the three-component samples, the cell viability of PCPiEu and PCPiR was more than 90%.
It seems that a better effect can be achieved by adjusting the amount of these natural
compounds in the sample.

In general, the three-component wound dressing obtained good results in both the
antibacterial test and the cytotoxicity test. In particular, it showed good antibacterial
activity against Gram-negative bacteria. Although the mechanical properties of the system
decreased compared with the PCL, the three-component wound dressing showed broad-
spectrum antibacterial activity.

In another study, graphene (GP), bioglass, and zinc-doped bioglass were added to the
PCL filaments, and their antimicrobial activity was analyzed comparatively. Materials for
research were produced using the 3D-printing technique. The experimental results showed
that the addition of a small amount of GP (0.5%) to PCL filaments resulted in a significant
increase in antimicrobial activity compared to the pure PCL. This is because the structure of
the GP may cause damage to the cell membranes of microbes and thus eliminate them [54].

Recently, PCL nanofibers containing Atropa belladonna were fabricated using the
electrospinning technique [55]. The fruits, roots, and stems of belladonna are used in the
treatment of many diseases and have strong antioxidant and anticancer properties. In this
study, Atropa belladonna extract was used to encapsulate Ag nanoparticles (AgNPs).

This study concludes that both AgNPs and eAgNPs improved the antibacterial activity
of PCL nanofibers against Gram-negative and Gram-positive bacteria. In addition, the
cell viability of the PCL doped with eAgNPs was higher compared to the neat PCL. The
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main reasons for the greater cell viability of the PCL doped with eAgNPs may be that it is
more hydrophilic than the pure PCL, the toxicity of AgNPs is reduced by coating on the
surface of the nanoparticles, and the positive effect of free radicals in the Atropa belladonna
structure on cell proliferation.

Felice et al. [56] synthesized PCL scaffolds compounded with hydroxyapatite (HA) and
different concentrations of zinc oxide (ZnO) for bone tissue engineering by electrospinning
techniques. The ZnO is an inorganic material with osteoinductive and osteoconductive
properties. It has been reported that Zn* can induce osteoblast differentiation. In addition,
ZnO is considered an effective antimicrobial agent against broad-spectrum microorganisms.
The addition of HA is beneficial to increase the osteoconductivity of the scaffold and
can shorten the degradation time of the PCL. To assess the antimicrobial activity of the
scaffolds, a series of samples were immersed in the PBS at 37 °C for 0 and 30 days for
in vitro degradation, respectively. Sterile samples were immersed in broth containing
S. aureus for 18 h at 35 &= 2 °C, and the surviving CFUs were counted. The surviving CFU of
samples after 0 and 30 days of degradation were compared after 18 h of bacterial incubation,
respectively. The results showed that the presence of ZnO in the samples degraded for
0 days led to a reduction in the initial bacterial load compared with the negative control
group. The higher the concentration of ZnO, the higher the antibacterial activity. On the
PCL scaffold containing 6% ZnO, this corresponds to a 96% reduction in bacteria. On
the PCL scaffold containing the HA and 1% ZnO, an almost 99% reduction of the initial
bacterial load was achieved. Notably, on the scaffold containing the HA, the antibacterial
activity decreased instead with increasing the ZnO concentration.

Human fetal osteoblast cell line (HFOb) proliferation was assessed after 3, 7, and
14 days of incubation on PCL, PCL:HA, and PCL:HA:ZnO nanofiber scaffolds. On the PCL
and PCL:HA:ZnO 1%, cell proliferation increased exponentially with time. In contrast,
cell proliferation in the other samples was constant from day 3 or from day 7. In addition,
higher concentrations of ZnO may lead to reduced cell proliferation.

These scaffolds have been shown to have an antibacterial effect against S. aureus.
This activity rises with increasing levels of the ZnO. However, high concentrations of the
ZnO may reduce cell proliferation. Therefore, low-concentration ZnO scaffolds may be
promising regenerative medicine products with antibacterial ability.

3.3. Polyglycolic Acid (PGA)

The PGA is a semi-crystalline synthetic polymer with good biocompatibility and
biodegradability. Once it degrades, the non-crystalline part first will degrade to glycolic
acid which can be readily metabolized by the body; the crystalline part then will degrade
to harmless water and carbon dioxide [57]. Like the PLA, it produces acidic degradation
products that may trigger inflammation. The PGA has high mechanical strength and high
crystallinity. However, the PGA has poor toughness and a relatively high price. Therefore,
the PGA is always blended with other polymer materials.

Shuai et al. [58] prepared polymer scaffolds by laser sintering. The PGA solution
and the PLLA solution were mixed, stirred, and ultrasonically dispersed. Meanwhile,
the graphene oxide (GO) solution and the nano Ag solution were mixed, stirred, and
ultrasonically dispersed. Finally, the two solutions were mixed together, filtered, and dried
to obtain powders. The powders were sintered layer by layer to form 3D scaffolds. The SEM
images show that AgNPs and GO are evenly distributed. Both the GO and nano Ag are
easy to form agglomeration, so uniform dispersion is very important for the antibacterial
activity of polymer scaffolds. The E. coli suspension was placed together with scaffolds
with different GO and Ag ratios for 24 h, and the antibacterial activity of the scaffolds was
evaluated by turbidimetry. Only when GO exists, the antibacterial effect is not obvious.
The antibacterial effect was significantly improved only when Ag was present. When GO
and Ag were simultaneously present, the antibacterial effect was further increased.

The GO-Ag nanosystem showed a synergistic antibacterial effect by combining the
trapping effect of GO nanosheets with the killing effect of Ag. The GO can interact with
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bacterial cell membranes and adsorb on bacterial cells, resulting in an increased concentra-
tion of AgNPs around the bacteria. The antibacterial effect of AgNPs mainly depends on
the release of Ag* and the promotion of reactive oxygen species (ROS) production. Figure 2
shows the synergistic antibacterial mechanism of the GO-Ag.
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Figure 2. Synergistic antibacterial mechanism of GO-Ag.

Among them, the scaffolds containing 1 wt% GO and 1 wt% Ag showed good cyto-
compatibility without affecting MG63 cell adhesion, viability, and proliferation because
the presence of the GO has a positive effect on cell adhesion, and excessive Ag has a
negative effect.

Wu et al. [59] found that total alkaloids from Semen Strychnine (TASS) was loaded
into polyetheretherketone (PEEK)/PGA composite scaffolds prepared by 3D printing
technology to obtain long-lasting antibacterial activity. The PEEK and PGA were dissolved
in ethanol solution at a mass ratio of 6:4, and then different levels of TASS were dissolved in
the PEEK/PGA suspension. The TASS-PEEK/PGA suspension was stirred magnetically for
2 h, and then the suspension was dried at 50 °C until the precipitate was of constant weight.
Finally, the precipitate was ground homogeneously, and the scaffolds were prepared by
selective laser sintering technique. The TASS has antibacterial, anti-inflammatory, and
analgesic properties. The relationship between the antimicrobial activity of the scaffolds
and the TASS content was investigated. As the TASS content increases, the antibacterial
activity hinders both S. aureus and E. coli from proliferating.

However, the effective TASS level is close to the toxic dose, so making the TASS
localized and controllable in release is critical. The human fetal osteoblastic cell line (hRFOB
1.19 cells) was used to assess the cytotoxicity of the scaffolds. Different concentrations of
TASS-PEEK/PGA were incubated with hFOB 1.19 cells for 1, 3, and 5 days. Compared to
PEEK/PGA, 2.5% TASS-PEEK/PGA had a slight effect on cell survival. The 7.5% TASS-
PEEK/PGA had fewer cells on the third day of incubation than on the first day, but the
number of cells increased again on the fifth day. This may be due to faster drug release and
higher TASS levels in the first three days. However, the slow release of the drug after that
promoted the cell growth.

Gao et al. [60] reported a hyperbranched poly(amide-amine)-capped Ag shell and
Au core nanoparticle (Ag@Au NP)-embedded fiber membrane-structured PGA/PLGA
ureteral stent. This stent showed efficient sterilization properties, taking 5 min to kill
E. coli and 10 min to kill S. aureus, respectively, with a 99% bacterial inhibition rate. In
a 16-day in vitro assay, the stent showed durable antibacterial activity, low release of Ag
and Au and low cytotoxicity. Gradient degradation of PGA/PLGA allowed constant
exposure of Ag@AuNDPs to the stent surface, which acted as a bactericide and eliminated
bacterial adhesion.

192



Polymers 2023, 15, 120

3.4. Poly(Lactic-Co-Glycolic Acid) (PLGA)

The PLGA is a copolymer of the PLA and the PGA, which biodegrades faster than the
PLA due to the presence of the PGA [61]. However, the surface properties of PLGA are not
ideal for cell growth [62]. PLGA has been approved by the US Food and Drug Adminis-
tration (FDA) for use as an implant, and PLGA has excellent mechanical properties and
degradability. Surface modification of PLGA scaffolds is therefore a promising approach,
which would provide useful surface properties to the polymer without changing the native
properties [63].

Jing et al. [64] prepared nanoparticles based on PLGA-CS conjugates and PLGA-
alendronate (Alen) conjugates. The PLGA-CS combines the good biocompatibility and
biodegradability of PLGA and CS, facilitating drug delivery. Alen, a potent anti-osteoporosis
drug, was used as a model drug for modifying the PLGA in this experiment. The cytotoxi-
city of the nanoparticles was assessed by CCK-8 assay. The cell survival rate was higher
than 95% when nanoparticles with different concentrations were placed together with
MC3TS3 cells for 24 h. This indicates that the nanoparticles have no significant cytotoxicity
to MC3T3 cells. To assess the specific cellular uptake of nanoparticles, nanoparticles with
Alen (NP4) or without Alen (NP5) were incubated with HDF cells and MC3T3 cells for 3
and 24 h, respectively. The results showed that the uptake of NP4 into MC3T3 cells was
significantly greater than that of NP5 after 24 h. This demonstrated that the Alen-modified
nanoparticles had specific uptake into MC3T3 cells. Although the antimicrobial activity of
nanoparticles was not tested in the article, the addition of CS may give the nanoparticles
some antimicrobial activity.

De Faria et al. [65] prepared PLGA and CS blend fibers by using electrostatic spinning
method. The PLGA-CS mats were functionalized with GO-Ag through a chemical reaction
between the carboxyl group of GO and the primary amine functional group on PLGA-CS fibers.

To evaluate the antibacterial activity of PLGA-CS after modification with GO-Ag, unmod-
ified PLGA-CS was used as a control. The GO-Ag modified PLGA-CS and PLGA-CS were
exposed to E. coli, P. aeruginosa (Gram-negative), and S. aureus (Gram-positive) for 3 h. The
result showed that the antibacterial activity was greatly improved after GO-Ag modification.
The inactivation of E. coli and P. aeruginosa reached more than 98%, while the inactivation of
S. aureus was lower at 79.4 £ 6.1%. This may be due to the thicker peptidoglycan layer of
Gram-positive bacteria, which played a protective role against S. aureus cells.

Azzazy et al. [66] designed PLGA nanoparticles with CS coating and loaded with
harmala alkaloid-rich fraction (HARF) (H/CS/PLGA) by the emulsion—solvent evaporation
method. HARF has been reported to increase collagen and fibroblasts in the microenviron-
ment near the wound, which allows it to accelerate wound healing. The lactic acid produced
by the degradation of PLGA accelerates reparative angiogenesis, while CS has antibacterial,
bioadhesive, and hemostatic properties. To evaluate the cytotoxicity of these nanoparticles,
human skin fibroblasts were treated with different concentrations of H/CS/PLGA NPs to
test cell viability. The cell viability was higher than 85% for all concentrations and did not
differ significantly from the untreated cells.

The antibacterial activities of free HARF, CS/PLGA NPs, and H/CS/PLGA NPs
were evaluated as shown in Table 1. The H/CS/PLGA NPs showed the highest antibac-
terial activity against S. aureus and E. coli. The nanoparticles can decompose near the
wound and release loaded HARF, in which the alkaloids bind to bacterial DNA to act as
antibacterial agents.

Table 1. Antibacterial activity of optimal H/CS/PLGA NPs and free HARF against S. aureus and E. coli.

Minimum Inhibitory Concentration (MIC in mg/mL)

Bacterial Strain

HARF CS/PLGA NPs H/CS/PLGA NPs
S. aureus 0.5 0.18 0.13
E. coli 0.5 0.18 0.06

193



Polymers 2023, 15, 120

3.5. Summary of Antimicrobial Strategies for Degradable Synthetic Polymers

Antimicrobial applications of biodegradable synthetic polymers and mammalian cells

used for testing biocompatibility are shown in Table 2.

Table 2. Summary of antimicrobial applications and biocompatibility testing of degradable syn-

thetic polymers.
Systems Approaches Bacterial Strains Mammalian C.ells Used Antibacterial Mechanism Refs.
for Testing
PLA/PHMB Electrostatic spinning Méi;iillts ﬁbroblacsél??ieeflthehal PHMB cationic polymer antibacterial [48]
PLA/CS N;lrllz;:l:e?;rzirrfe E. coli - CS cationic polymer antibacterial [45]
GSNO releases NO to modulate the
PLA/GSNO/PHB Electrostatic spinning S. aureus fibroblasts polarity shift of macrophages and [49]
produce anti-inflammatory effects.
C Mouse pre-osteblast cell Antibacterial effects caused
PLA/PCL/n(HA)/cfx-BCD Electrostatic spinning S. aureus line by antibiotics [50]
PCL/curcumin/ e S. aureus ; Antibacterial effect of
piperine/eugenol /rutin Electrostatic spinning Enterococcus faecalis fibroblasts natural plant extracts (531
S. aureus . .
PCL/GP/Bioglass 3D printing E. coli - Structure of GP disrupts bacterial [54]
C. albicans cell membrane
PCL/Atropa/AgNPs Electrostatic spinning S.Eubétl;e;s HaCaT cells The bactericidal effect of Ag* [55]
e Human fetal osteoblast Release of Zn* from ZnO to produce
PCL/HA/ZnO Electrostatic spinning S. aureus cell line antibacterial effect [56]
The trapping effect of GO is
PGA/PLLA/GO/Ag Laser sintering E. coli MG63 cells synergistically bactericidal with Ag* [58]
bactericidal action.
- S. aureus Human fetal osteoblast Antibacterial effects caused
PGA/PEEK/TASS 3D printing E. coli cell line by antibiotics [59]
S. aureus . .
PGA/PLGA/Ag@Au NPs - E coli 1929 cells Metal ion sterilization effect [60]
PLGA/CS/Alen - - Mouse prel-iﬁseteblast cell CS cationic polymer antibacterial [64]
S. aureus 1. CS cationic polymer antibacterial
PLGA/CS/GO/Ag Electrostatic spinning E. coli - z The_treﬁapll)ng eff‘eﬁ_:Ctlolf GO hIZ + [65]
P. aeruginosa synergistica yl ;'acten(:l' al with Ag
bactericidal action.
Emulsion-solvent S. aureus e 1. CS cationic polymer antibacterial
PLGA/CS/HARF evaporation E. coli Human skin fibroblasts 2. Antibacterial effect of alkaloids [66]

These material systems were tested for their antimicrobial efficacy and biocompati-
bility. In PLA/PHMB, the complete growth inhibition of both bacteria occurred when the
PHMB concentration was above 1.5 wt% (bacterial growth was lower than 1% compared to
the PLA control). In contrast, when the PHMB concentration was below 0.75 wt%, bacterial
growth was not significantly inhibited, but bacterial growth on the scaffold was still lower
than that of the control. For the E. coli, it was about 30% lower than the control, and for the
M. luteus, it was about 20% lower than the control. The antibacterial effect of the system
was demonstrated to be dependent on the loading concentration of PHMB. For fibroblast
and epithelial cell adhesion, it was 275% and 175% when the PHMB concentration was
1.5 wt% compared to the control, while it decreased to 175% and 100% when PHMB was
increased to 2.5 wt%. This indicates that the system has good biocompatibility in a range
of concentrations. Overall, low concentrations of PHMB inhibited bacterial adhesion and
colonization due to the controlled and sustained release of PHMB. In contrast, significant
inhibition of bacterial growth requires a concentration of PHMB higher than 0.75 wt%. In
PLA/CS, the average antibacterial rate increased from 84.90% to 99.77% when PLA:CS
was increased from 8:1 to 3:1. This indicates that the antimicrobial effect of the system
depends on the relative content of CS. In the PLA/GSNO/PHB system, the bacterial ad-
hesion rate of S. aureus was about 72.9% and 79.7% after 2 and 24 h exposure to the fiber.
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Only about 20% of the bacteria remained viable after 2 h of exposure. Mouse fibroblasts
showed greater than 90% viability compared to the control group without fiber exposure.
In PLA/PCL/n(HA)/cfx-BCD, the growth of S. aureus was reduced by 90% within 24 h.
The cell viability of MC3T3 cells increased continuously from day 3 to day 7 and surpassed
that of the control at day 14, contributing to cell proliferation. Antibacterial testing of
S. aureus in PCL/curcumin/piperine/eugenol/rutin showed that the dressing containing
piperine killed 100% of the bacteria and the dressing containing curcumin killed more than
90% of the bacteria. Two three-component systems, PCPiEu and PCPiR, achieved bacteri-
cidal rates of approximately 80%. Antibacterial tests on E. faecalis showed that curcumin
had no antibacterial activity against this bacterium, while the three-component systems
PCPiEu and PCPiR exhibited bactericidal rates of 99.47% and 96.88%. In cellular tests
performed on human fibroblasts, the cell viability of the dressing containing only piperine
was only 16.5%, whereas the three-component systems PCPiEu and PCPiR showed 94.2%
and 98.5% cell viability. Therefore, the two three-component systems showed good overall
performance in terms of antimicrobial and biocompatibility. In PCL/Atropa/AgNPs, the
antimicrobial effect was brought about by AgNPs, and the antimicrobial effect was slightly
reduced by the addition of Atropa. In contrast, in the cytotoxicity test of HaCaT cells, the
cell survival rate was increased by about 30% with the addition of Atropa than with the
addition of AgNPs only. In PCL/HA/ZnO, PCL/HA/ZnO 1% reduced the initial S. aureus
bacterial load by almost 99%. In PGA /PLLA/GO/ Ag, antimicrobial tests were conducted
using E. coli. GO showed good synergistic bactericidal effect with Ag. GO itself had no
significant bactericidal effect, while the addition of GO increased the bactericidal rate of
PGA/PLLA/GO/Ag by 17.1% over PGA/PLLA/Ag to 95.4%. With the increase of Ag
content to 1.5%, the bactericidal rate reached 99.9%. However, the 1.5% Ag content made
the scaffolds less cytocompatible. While 1% content of Ag still maintained good biocompat-
ibility. In PGA/PEEK/TASS, the antimicrobial rate of the scaffold reached 55.71% for E.
coil and 15.84% for S. aureus when the TASS content was 7.5%. In the biocompatibility test,
a TASS content of 2.5% better promoted the proliferation and differentiation of human fetal
osteoblasts. Among PGA/PLGA/Ag@AuNPs, Ag@AuNPs showed strong bactericidal
rates, reaching over 90% and 99.9999% against E. coli and S. aureus, respectively, and the
bactericidal rate continued to increase with the increase of nanoparticles. The degradation
of the outer layer of the scaffold does not release large amounts of Au and AgNPs, so the
scaffold has good biocompatibility. In PLGA/CS/GO/ Ag, the killing rate of both E. coli and
P. aeru-ginosa was over 98%, while the inactivation rate of S. aureus was only about 79.4%.

It seems that all these antimicrobial methods have good bactericidal effect; however,
they still have some drawbacks. For example, good bactericidal methods are often accom-
panied by strong cytotoxicity, which requires control of its concentration and release rate.
Most of the methods are effective against only one type of bacteria but are not effective
against others. More antimicrobial material systems need to be investigated in order to
achieve an antimicrobial effect while promoting cell proliferation.

4. Natural Polymers

Natural polymers are derived from plant and animal organisms, and they are usually
biocompatible, biodegradable, and non-toxic [67]. Materials of natural or biological origin
are the first biodegradable biomaterials used in clinical practice [68]. The application of
naturally derived polymers as bionics is attractive, as it includes motifs that are recog-
nized by cells that facilitate cell adhesion and proliferation [69]. However, these materials
usually have poor mechanical properties and are difficult to process. Therefore, chemical
modifications are required to be used as suitable biomedical tools [70].

4.1. Chitosan

Chitosan is a polysaccharide mainly derived from the exoskeleton of crustaceans and
has been developed to have a variety of therapeutic functions [71]. Chitosan has been
shown to have higher antimicrobial activity, higher bactericidal rates, a wider range of
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activity, and low toxicity to mammalian cells [72,73]. The properties of chitosan can be
modified due to the presence of reactive functional groups. Moreover, chitosan derivatives
can be specifically produced to enhance the desired properties while maintaining their
biocompatibility and degradation properties [74,75].

The chitosan has antibacterial activity against many bacteria and fungi, and this unique
property is mainly attributed to the polycationic nature of chitosan [76]. The antibacterial
effect of fungal chitosan against the Gram-negative bacterium E. coli can be strongly
attributed to its interaction with cell membrane components, as evidenced by the dramatic
morphological changes in cell shape and structure following chitosan treatment [77]. Gram-
negative bacteria usually have complex cell walls [78], and the antimicrobial effect of
chitosan may be due to the biochemical attachment caused by the cationic charge on the
chitosan particles and the anionic charge of the cell wall components [79]. In addition,
proteins covalently linked to peptidoglycan in the cell membrane are largely responsible
for the antigenic properties of bacteria and can interact strongly with charged chitosan
particles, leading to cell death [77]. Figure 3 shows the bactericidal mechanism of chitosan
against Gram-negative bacteria.
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Figure 3. Bactericidal mechanism of chitosan against Gram-negative bacteria.

Gram-positive bacteria usually have a thick peptidoglycan layer. The chitosan has a
high ability to attach peptidoglycans as an acidic polymer [80]. In addition, the phospho-
peptidic acid on peptidoglycan has a polyanionic nature, and the electrostatic interaction
between chitosan and phosphopeptidic acid disrupts the function of phosphopeptidic acid
and causes functional disorders in bacteria. Figure 4 shows the antibacterial mechanism of
chitosan against Gram-positive bacteria.

Chitosan is widely studied in medical applications because of its unique antibacterial
properties and good biocompatibility. Chen et al. [81] prepared the polyelectrolyte compo-
nents (PEC) with good biocompatibility by polyelectrolyte assembly, using carboxymethyl
starch (CMS) and chitosan oligosaccharides (COS). The CMS/COS-PEC has controlled
physicochemical properties and antibacterial activity against S. aureus. It can be used as
a degradable hemostatic agent. Hu et al. [82] reported for the first time an innovative
three-dimensional porous chitosan-vanillin-bioglass (CVB) scaffold with vanillin and bio-
glass as non-toxic and osteoconductive cross-linkers. The scaffold had strong antibacterial
activity and improved mechanical properties. With high porosity, it significantly promoted
osteoblast differentiation.
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Figure 4. The antibacterial mechanism of chitosan against Gram-positive bacteria.

4.2. Gelatin

Gelatin is a biopolymer easily obtained from the partial hydrolysis of collagen and
is one of the most used biopolymers approved by the FDA due to its biocompatibility,
biodegradability, and ease of access [83]. In addition, the process of gelatin degradation
produces little inflammatory response [84]. The degradation products are amino acids,
which benefit the body, support cell adhesion, and promote cell proliferation [85,86].

Polyurethane/gelatin hybrid nanofiber scaffolds were prepared by using electrostatic
spinning to promote cell growth and barrier to bacteria [86]. Cryogels cross-linked with
gelatin and dopamine are effective hemostatic materials and can promote wound healing.
Dopamine confers near-infrared radiation-assisted antimicrobial capacity to the cryogel [87].
Zhao et al. [85] also developed a gelatin-based physical double-network hydrogel with
photothermal antibacterial activity. Photothermal sterilization holds promise as a physical
antimicrobial method to kill multidrug-resistant bacteria. Metals and metal compounds,
such as Au/Ag [88] and Zno [89], have also been added to gelatin to obtain antimicro-
bial activity.

4.3. Cellulose

Cellulose is a linear polysaccharide found in large quantities in several natural
sources [90]. Cellulose and its derivatives are biocompatible polymers that have attracted
considerable interest for biomedical applications due to their suitable physical and mechan-
ical properties [91].

Orlando et al. [92] have suggested a green chemistry strategy to the functionalization
of cellulose for the introduction of antibacterial functional groups. In the case of the
functionalized material compared to the unmodified material, a reduction in the bacterial
cell population by roughly half was seen within 24 h for both strains of S. aureus and
E. coli. Additionally, cytotoxicity tests have shown that cellulose hydrogels do not harm
keratin-forming cells when they come into touch with them directly or indirectly, even
after exposure for 6 days. Fernandes et al. [93] obtained antimicrobial bacterial cellulose
membranes by chemically grafting aminoalkyl groups onto the surface of their nanofiber
network. These bacterial cellulose membranes showed antibacterial activity against both
S. aureus and E. coli, whereas they were non-toxic to human-adipose-derived mesenchymal
stem cells. Hassanpour et al. [94] chemically modified the surface of nanocellulose with
a phenanthrene silica salt. The modified samples showed promising results against both
Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria. Moreover, it does not affect
the viability of normal HDF cells at low concentrations.

The antimicrobial strategies and biocompatibility tests based on natural polymers are
shown in Table 3.
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Table 3. Summary of antimicrobial applications and biocompatibility testing of degradable natu-
ral polymers.

Bacterial Mammalian Cells . . .
Systems Approaches Strains Used for Testing Antibacterial Mechanism Refs.
Polyelectrolyte E. coli MC3T3-L1 . . .
CMS/COS assembly S, aureus fibroblasts Antibacterial activity of COS [81]
Vanillin/bioglass/chitosan ~ Crosslinking 58 ordo.m.z MC3T3-E1 Antlmlcr(?blal effect of [82]
S. sanguinis chitosan
E. coli Near-infrared radiation
o . + I )
Modified gelatin/Fe Crosslinking S. aureus photothermal antibacterial (831
. . s E. coli Near-infrared radiation
Gelatin/polydopamine Crosslinking S, oureus 1929 cells photothermal antibacterial [87]
Produces ROS under white

Au/Ag@gelatin - P. aeruginosa - light irradiation, [88]

which kills bacteria.

. ZnO generates superoxide
Gelatin/ZnO Elsec;;iﬁ;atlc S'EMZ)EI?S MRC-5 cells radicals and damages [89]
p & ' bacterial cell walls
Chemical modification s S. aureus Introduction of
of bacterial cellulose Crosslinking E. coli HaCaT cells antimicrobial groups 921
Human

Chemical modification Crosslinkin S. aureus adipose-derived Introduction of (93]

of bacterial cellulose & E. coli mesenchymal stem antimicrobial groups

cells

Chgﬁ;it?ggflf;izgon ) S. aureus Human dermal Introduction of [94]

E. coli fibroblasts antimicrobial groups

cellulose

5. Application of Biodegradable Biocompatible Polymers
5.1. Wound Healing

Wound healing is a natural physiological process that occurs in response to any tissue
injury or damage [95]. There is a high risk of infection during the healing process because
damaged skin cannot form a proper barrier to bacteria. Therefore, antibiotics are often
used to combat bacteria and significantly reduce the mortality rate from bacterial diseases
worldwide [96]. The use of antibiotics (e.g., penicillin, vancomycin, and gentamicin) is
currently the standard in the management of bacterial infections [97]. Unfortunately,
mutations in bacteria have led to a resistance to antibiotics for them, and it has significantly
changed the trend toward treatment [98]. Therefore, an ideal wound dressing should have
proper mechanical properties, excellent hemostatic properties, and air permeation as well
as antibacterial activity [99,100].

Natural or synthetic polymers with biocompatible and biodegradable properties play
a crucial role in cell adhesion and proliferation because of their unique structure and
excellent mechanical properties [101,102]. For example, chitosan promotes wound healing
by enhancing the migration of fibroblasts and the deposition of collagen in the wound
area. In addition, chitosan has hemostatic and antibacterial properties [103-105]. The
degradation product of PLGA and lactic acid accelerates the repair of blood vessels and
facilitates wound healing.

5.2. Tissue Engineering

The intricate hierarchical structure of human tissues makes them susceptible to injury,
cancer, and some degenerative diseases over the course of a person’s lifespan [106]. There-
fore, the regeneration and repair of damaged tissues are very important for the healing
process. Tissue engineering is the most promising approach, promoting cell growth by
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implanting biomaterials [107]. In bone tissue engineering, osteoblasts, chondrocytes, and
mesenchymal stem cells are obtained from the patient’s hard and soft tissues. Then, they
are propagated in cultures and inoculated onto the scaffold. The scaffold is implanted into
the patient, slowly degrades, and resorbs as the tissue structures grow [108,109].

Orthopedic implants exhibit good biocompatibility, biodegradability, porosity, and
mechanical strength, but lack antimicrobial ability [110]. The development of aseptic
surgical techniques and prophylactic systemic antibiotic therapy have reduced the incidence
of infection. However, the bacterial colonization of medical devices or implants is still a
serious risk [111,112]. With the increase in antibiotic-resistant bacteria, new antimicrobial
approaches are being explored [113]. Most of these methods are developed on degradable
biocompatible polymers.

As we have known, gelatin mixes well with natural and synthetic polymers to pro-
mote high biomechanical and bioaffinity of the scaffold. The 3D porous scaffolds and
nanofiber scaffolds prepared with gelatin as the main material are mainly used for large
bone defects [114]. The PCL [115,116], PGA, PLA, and PLGA copolymers [117,118] are the
most used synthetic biodegradable polymers for 3D scaffolds in tissue engineering. For
example, many variants of the PCL facilitate the induction of bone tissue differentiation.
The PLA and the PGA are easy to process, and their degradation rates and physical and
mechanical properties can be adjusted over a wide range by changing parameters [119,120].

5.3. Drug Deliver

Conventional antimicrobial drugs face a few difficulties, including frequent resistance,
formulation-related restrictions, subpar drug targeting, and subpar drug release, all of
which can result in toxicity in mammalian cells or ineffectiveness at the site of action [121].
Global human health is plainly at risk due to the growing resistance to already prescribed
antibiotics and the declining availability of novel antibiotic medications. Therefore, one
of the main areas of attention for the internationally acknowledged research priority is
the quest for new and efficient techniques to improve medication therapy against existing
antibiotics [122].

To balance the biochemical events of inflammation in chronic wounds and promote
healing, chitosan-based hydrogels are well-suited for intelligent administration and can
be loaded with antibacterial agents, growth factors, stem cells, and peptides [123]. Gelatin
is a flexible biopolymer that has historically made it possible to develop a variety of drug
delivery methods, including fibers, hydrogels, microparticles, and nanoparticles. These
various methods all have certain qualities that make them particularly well-suitable for
medication delivery [124]. After being effectively used to entrain antimicrobial agents, the
PCL is widely used as a drug delivery method to promote bone growth and regeneration
in the treatment of bone diseases [125].

6. Future Prospects and Challenges

Injuries and deaths caused by infections have become a global public health concern.
With the emergence of multiple drug-resistant strains, however, the problem of bacterial
resistance has become increasingly serious. Therefore, there is an urgent need to develop
new antimicrobial methods to combat the problems caused by infections. Biodegradable
biocompatible polymers have become a hot topic of research, both as scaffolds for tissue
engineering and as carriers for drug delivery. Biodegradable and biocompatible polymers
can be divided into synthetic polymers and natural polymers. Synthetic polymers have
good mechanical properties and stability but lack the ability to grow cells. Synthetic
polymers often have no antimicrobial activity. Therefore, antimicrobial agents are often
added to synthetic polymers to endow them with antimicrobial activity. These antimicrobial
agents include metals, antibiotics, and some antimicrobial agents derived from plants.
However, all these methods have some shortcomings, such as the tendency of metal ions
to cause toxicity to cells when killing bacteria. Long-term use of antibiotics may lead to
drug resistance, yet new antibiotics are rarely invented. Plant-derived antimicrobial agents
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require strict dosage control. Otherwise, they may be toxic to cells instead of being effective.
Therefore, modulating the degradation rate of degradable polymers is a promising direction,
which could lead to the controlled release of antimicrobial agents. Natural polymers have
good biocompatibility, but rather poor mechanical properties and are not easy to process.
Several methods have been reported to improve their disadvantages, and antimicrobial
features have been developed on natural polymers. Natural polymers have a variety
of origins and can be chemically modified to obtain several variants. Due to their poor
mechanical properties, they are mostly used to fabricate wound dressings or hydrogels.
There are also many studies on blending natural polymers with synthetic polymers to
exploit their respective advantages. Some physical sterilization methods have also been
investigated, such as the construction of surface microstructures to puncture bacterial
biofilms and near-infrared light irradiation for sterilization. Therefore, biodegradable
biocompatible polymers with antimicrobial properties and the ability to promote cell
growth will be a promising approach to alleviate the problem of antibiotic resistance.

Degradable polymers play a key role in the sustained release of drugs and more and
more antimicrobial methods are being developed on degradable polymers. For antimicro-
bial substances incorporated into degradable polymers, however, the antimicrobial activity
is often accompanied by cytotoxicity more or less. Therefore, controlling the sustained,
stable, and quantitative release of drugs is still a subject that needs to be investigated
in depth.

7. Conclusions

Infections caused by bacteria can be very dangerous to people’s health. The most
effective way to traditionally fight back against bacteria is the widespread use of antibi-
otics. However, due to the misuse of antibiotics, a variety of drug-resistant bacteria have
emerged. Therefore, there is an urgent need to seek alternative antimicrobial methods.
Biodegradable and biocompatible functional polymers are widely used in medical treat-
ments as tissue engineering scaffolds and wound dressings. These medical devices are
susceptible to bacterial infections. Moreover, a great deal of effort has been put into the
research of biodegradable polymers with antimicrobial properties. Currently, effective
antimicrobial methods include cationic polymer antimicrobial, metal ion antimicrobial,
hydrophobic structure to prevent bacterial adhesion, photothermal sterilization, nonionic
antimicrobial agents, etc. Meanwhile, biodegradable polymers can be used as carriers for
drug delivery to load antibiotics, thus achieving local release of antibiotics. Biodegradable
polymers with antibacterial functions have a wide range of applications, including the
prevention of bacterial infections caused by medical devices and the construction of drug
delivery systems.

Author Contributions: Conceptualization, A.C. and C.L. (Chaozong Liu); methodology, C.Y. and
S.N.V,; software, J.L. (Jindi Lai) and Y.P.; validation, ].Z., C.L. (Caihong Lei) and C.L. (Chaozong Liu);
investigation, J.L. (Jiajun Luo) and S.D.; data curation, S.D., W.C. and J.W.; writing—original draft
preparation, S.D. and A.C.; writing—review and editing, A.C. and C.L. (Chaozong Liu); funding
acquisition, A.C. and C.L. (Chaozong Liu). All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant no.
52003057), the Foshan Science and Technology Innovation Project (grant number FSOAA-K]J919-
4402-0145), MRC-UCL Therapeutic Acceleration Support (TAS) Fund (project no: 564022), NIHR
UCLH BRC-UCL Therapeutic Acceleration Support (TAS) Fund (project no. 564021), and Wellcome
Trust-Translational Partnership Award-UCL Regenerative Medicine TIN Pilot Dara Fund (Project
no.: 569576), and Engineering and Physical Sciences Research Council via DTP CASE Programme
(Grant no.: EP/T517793/1).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

200



Polymers 2023, 15, 120

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

References

1. Wang, X,; Shan, M.; Zhang, S.; Chen, X.; Liu, W.; Chen, J.; Liu, X. Stimuli-responsive antibacterial materials: Molecular structures,
design principles, and biomedical applications. Adv. Sci. 2022, 9, 2104843. [CrossRef] [PubMed]

2. Amato, D.V.;; Amato, D.N.; Blancett, L.T.; Mavrodi, O.V.; Martin, W.B.; Swilley, S.N.; Sandoz, M.].; Shearer, G.; Mavrodi, D.V,;
Patton, D.L. A bio-based pro-antimicrobial polymer network via degradable acetal linkages. Acta Biomater. 2018, 67, 196-205.
[CrossRef] [PubMed]

3. Ribeiro, M.; Monteiro, EJ.; Ferraz, M.P. Infection of orthopedic implants with emphasis on bacterial adhesion process and
techniques used in studying bacterial-material interactions. Biomatter 2012, 2, 176-194. [CrossRef]

4. Hetrick, EMM.; Schoenfisch, M.H. Reducing implant-related infections: Active release strategies. Chem. Soc. Rev. 2006, 35, 780-789.
[CrossRef] [PubMed]

5. Ma, K,; Gong, L.; Cai, X.; Huang, P; Cai, J.; Huang, D.; Jiang, T. A green single-step procedure to synthesize Ag-containing
nanocomposite coatings with low cytotoxicity and efficient antibacterial properties. Int. ]. Nanomed. 2017, 12, 3665-3679.
[CrossRef] [PubMed]

6. Liu,J.; Liu, ] Attarilar, S.; Wang, C.; Tamaddon, M.; Yang, C.; Xie, K; Yao, J.; Wang, L.; Liu, C.; et al. Nano-modified titanium
implant materials: A way toward improved antibacterial properties. Front. Bioeng. Biotechnol. 2020, 8, 576969. [CrossRef]

7. Darouiche, R.O. Treatment of infections associated with surgical implants. N. Engl. ]. Med. 2004, 350, 1422-1429. [CrossRef]

8. Zhao, X,; Li, P; Guo, B.; Ma, PX. Antibacterial and conductive injectable hydrogels based on quaternized chitosan-graft-
polyaniline/oxidized dextran for tissue engineering. Acta Biomater. 2015, 26, 236-248. [CrossRef]

9. Fischbach, M.A.; Walsh, C.T. Antibiotics for emerging pathogens. Science 2009, 325, 1089-1093. [CrossRef]

10. Milazzo, M.; Gallone, G.; Marcello, E.; Mariniello, M.D.; Bruschini, L.; Roy, I.; Danti, S. Biodegradable polymeric micro/nano-
structures with intrinsic antifouling/antimicrobial properties: Relevance in damaged skin and other biomedical applications. J.
Func. Biomater. 2020, 11, 60. [CrossRef]

11.  Park, HH,; Sun, K;; Lee, D.; Seong, M.; Cha, C.; Jeong, H.E. Cellulose acetate nanoneedle array covered with phosphorylcholine
moiety as a biocompatible and sustainable antifouling material. Cellulose 2019, 26, 8775-8788. [CrossRef]

12. Qiu, H,; Si, Z,; Luo, Y.; Feng, P.; Wu, X.; Hou, W.; Zhu, Y.; Mary, B.; Xu, L.; Huang, D. The Mechanisms and the applications of
antibacterial polymers in surface modification on medical devices. Front. Bioeng. Biotechnol. 2020, 8, 910. [CrossRef] [PubMed]

13. Ding, X.; Wang, A.; Tong, W.; Xu, F. Biodegradable antibacterial polymeric nanosystems: A new hope to cope with multidrug-
resistant bacteria. Small 2019, 15, 1900999. [CrossRef]

14. Cuervo-Rodriguez, R.; Lopez-Fabal, F.; Mufioz-Bonilla, A.; Fernandez-Garcia, M. Antibacterial polymers based on poly(2-
hydroxyethyl methacrylate) and thiazolium groups with hydrolytically labile linkages leading to inactive and low cytotoxic
compounds. Materials 2021, 14, 7477. [CrossRef] [PubMed]

15.  Liu, X.; Holzwarth, ].M.; Ma, P.X. Functionalized synthetic biodegradable polymer scaffolds for tissue engineering. Macromol.
Biosci. 2012, 12, 911-919. [CrossRef] [PubMed]

16. Tian, H.; Tang, Z.; Zhuang, X.; Chen, X,; Jing, X. Biodegradable synthetic polymers: Preparation, functionalization and biomedical
application. Prog. Polym. Sci. 2012, 37, 237-280. [CrossRef]

17.  Asghari, F; Samiei, M.; Adibkia, K.; Akbarzadeh, A.; Davaran, S. Biodegradable and biocompatible polymers for tissue
engineering application: A review. Artif. Cells Nanomed. Biotechnol. 2017, 45, 185-192. [CrossRef]

18. Liang, H.; Liu, L.; Lu, J.; Chen, M.; Zhang, C. Castor oil-based cationic waterborne polyurethane dispersions: Storage stability,
thermo-physical properties and antibacterial properties. Ind. Crops Prod. 2018, 117, 169-178. [CrossRef]

19. Liang, H.; Lu, Q.; Liu, M,; Ou, R,; Wang, Q.; Quirino, R.L.; Luo, Y.; Zhang, C. UV absorption, anticorrosion, and long-term
antibacterial performance of vegetable oil based cationic waterborne polyurethanes enabled by amino acids. Chem. Eng. |. 2021,
421,127774. [CrossRef]

20. Wang, Y.; Guo, Q.; Wang, H.; Qian, K.; Tian, L.; Yao, C.; Song, W.; Shu, W.; Chen, P; Qi, J. Evaluation of the antibacterial activity of
a cationic polymer in aqueous solution with a convenient electrochemical method. Anal. Bioanal. Chem. 2017, 409, 1627-1633.
[CrossRef]

21. Li, X1k, S.; Liu, Y;; Raina, D.B.; Demircan, D.; Zhang, B. Nonionic nontoxic antimicrobial polymers: Indole-grafted poly(vinyl
alcohol) with pendant alkyl or ether groups. Polym. Chem. 2022, 13, 2307-2319. [CrossRef]

22.  Liu, Y; Li, X;; Liang, A. Current Research Progress of Local Drug Delivery Systems Based on Biodegradable Polymers in Treating
Chronic Osteomyelitis. Front. Bioeng. Biotechnol. 2022, 10, 1042128. [CrossRef] [PubMed]

23. Du,L,; Yang, S.; Li, W,; Li, H.; Feng, S.; Zeng, R.; Yu, B.; Xiao, L.; Nie, H.Y.; Tu, M. Scaffold composed of porous vancomycin-loaded
poly(lactide-co-glycolide) microspheres: A controlled-release drug delivery system with shape-memory effect. Mater. Sci. Eng. C
2017, 78, 1172-1178. [CrossRef] [PubMed]

24. Dwivedi, C.; Pandey, H.; Pandey, A.C.; Patil, S.; Ramteke, PW.; Laux, P.; Luch, A.; Singh, A.V. In vivo biocompatibility of
electrospun biodegradable dual carrier (antibiotic + growth factor) in a mouse model—Implications for rapid wound healing.
Pharmaceutics 2019, 11, 180. [CrossRef]

25. Huang, C.Y.; Hsieh, RW,; Yen, H.T.; Hsu, T.C.; Chen, C.Y.; Chen, Y.C.; Lee, C.C. Short- versus long-course antibiotics in

osteomyelitis: A systematic review and meta-analysis. Int. ]. Antimicrob. Agents 2019, 53, 246-260. [CrossRef]

201



Polymers 2023, 15, 120

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Mills, D.K.; Jammalamadaka, U.; Tappa, K.; Weisman, ]. Studies on the cytocompatibility, mechanical and antimicrobial properties
of 3D printed poly(methyl methacrylate) beads. Bioact. Mater. 2018, 3, 157-166. [CrossRef]

Ding, X.; Duan, S.; Ding, X.; Liu, R.; Xu, F. Versatile antibacterial materials: An emerging arsenal for combatting bacterial
pathogens. Adv. Funct. Mater. 2018, 28, 1802140. [CrossRef]

Jiang, R.; Hao, L.; Song, L.; Tian, L.; Fan, Y.; Zhao, J.; Liu, C.; Ming, W.; Ren, L. Lotus-leaf-inspired hierarchical structured surface
with non-fouling and mechanical bactericidal performances. Chem. Eng. . 2020, 398, 125609. [CrossRef]

Yi, Y; Jiang, R.; Liu, Z.; Dou, H.; Song, L.; Tian, L.; Ming, W.; Ren, L.; Zhao, J. Bioinspired nanopillar surface for switchable
mechano-bactericidal and releasing actions. J. Hazard. Mater. 2022, 432, 128685. [CrossRef]

Wang, P; Zhang, Y.L.; Fu, KL.; Liu, Z,; Zhang, L.; Liu, C.; Deng, Y.; Xie, R;; Ju, X.J.; Wang, W.; et al. Zinc-coordinated
polydopamine surface with a nanostructure and superhydrophilicity for antibiofouling and antibacterial Applications. Mater.
Adv. 2022, 3, 5476-5487. [CrossRef]

Fajstavr, D.; Frydlova, B.; Rimpelova, S.; Kasalkova, N.S.; Sajdl, P,; Svoreik, V.; Slepicka, P. KrF laser and plasma exposure of
pdms—carbon composite and its antibacterial properties. Materials 2022, 15, 839. [CrossRef] [PubMed]

Li, P; Feng, Y.; Cheng, D.; Wei, ]. Self-template synthesis of mesoporous vanadium oxide nanospheres with intrinsic peroxidase-
like activity and high antibacterial performance. J. Colloid. Interface Sci. 2022, 625, 435-445. [CrossRef] [PubMed]

Cheng, Y.; Zhang, Y.; Zhao, Z.; Li, G.; Li, J.; Li, A.; Xue, Y.; Zhu, B.; Wu, Z.; Zhang, X. Guanidinium-decorated nanostructure for
precision sonodynamic-catalytic therapy of mrsa-infected osteomyelitis. Adv. Mater. 2022, 34, €2206646. [CrossRef] [PubMed]
Lee, A.R,; Park, S.B.; Kim, SSW,; Jung, ] W.; Chun, ].H.; Kim, J.; Kim, Y.R.; Lazarte, ].M.S.; Jang, H.B.; Thompson, K.D.; et al.
Membrane vesicles from antibiotic-resistant Staphylococcus aureus transfer antibiotic-resistance to antibiotic-susceptible Escherichia
coli. ]. Appl. Microbiol. 2022, 132, 2746-2759. [CrossRef] [PubMed]

Ferri, M.; Ranucci, E.; Romagnoli, P.; Giaccone, V. Antimicrobial resistance: A global emerging threat to public health systems.
Crit. Rev. Food Sci. Nutr. 2017, 57, 2857-2876. [CrossRef] [PubMed ]

Liu, Y;; Tong, Z,; Shi, J.; Li, R,; Upton, M.; Wang, Z. Drug repurposing for next-generation combination therapies against
multidrug-resistant bacteria. Theranostics 2021, 11, 4910-4928. [CrossRef]

Spasova, M.; Manolova, N.; Markova, N.; Rashkov, I. Superhydrophobic PVDF and PVDE-HFP nanofibrous mats with antibacte-
rial and anti-biofouling properties. Appl. Surf. Sci. 2016, 363, 363-371. [CrossRef]

Mirzadeh, S.; Asefnejad, A.; Khonakdar, H.A.; Jafari, S.H. Improved surface properties in spray-coated PU/TiO2/Graphene
hybrid nanocomposites through nonsolvent-induced phase separation. Surf. Coat. Technol. 2021, 405, 126507. [CrossRef]

Kim, J.Y,; Kim, J.H.; Ahn, G.; An, S.H.; Ryu, R.H.; Kim, ].S.; Kim, Y.C.; Shim, ]. H.; Kim, S.Y.; Yun, W.S. In vitro study of three-
dimensional printed metal-polymer hybrid scaffold incorporated dual antibiotics for treatment of periprosthetic joint infection.
Mater. Lett. 2018, 212, 263-266. [CrossRef]

Li, P; Li, X; Saravanan, R.; Li, C.; Susanna, S. Antimicrobial macromolecules: Synthesis methods and future applications. RSC
Adv. 2012, 2, 4031-4044. [CrossRef]

Sumitha, M.S.; Shalumon, K.T.; Sreeja, V.N.; Jayakumar, R.; Nair, S.V.; Menon, D. Biocompatible and antibacterial nanofibrous
poly (e-caprolactone)-nanosilver composite scaffolds for tissue engineering applications. J. Macromol. Sci. Part A-Pure Appl. Chem.
2012, 49, 131-138. [CrossRef]

Costa, L.M.M.; de Olyveira, G.M.; Cherian, B.M.; Ledo, A.L.; de Souza, S.F.; Ferreira, M. Bionanocomposites from electrospun
PVA /pineapple nanofibers/stryphnodendron adstringens bark extract for medical applications. Ind. Crops Prod. 2013, 41, 198-202.
[CrossRef]

Fathi, M.; Barar, J. Perspective highlights on biodegradable polymeric nanosystems for targeted therapy of solid tumors. Bioimpacts
2017, 7, 49-57. [CrossRef] [PubMed]

You, Y.; Min, BM.; Lee, S.J.; Lee, T.S.; Park, W.H. In vitro degradation behavior of electrospun polyglycolide, polylactide, and
poly (lactide-co-glycolide). J. Appl. Polym. Sci. 2005, 95, 193-200. [CrossRef]

Han, W,; Ren, J.; Xuan, H.; Ge, L. Controllable degradation rates, antibacterial, free-standing and highly transparent films based
on polylactic acid and chitosan. Colloid Surf. A-Physicochem. Eng. Asp. 2018, 541, 128-136. [CrossRef]

Avérous, L. Chapter 21—Polylactic Acid: Synthesis, Properties and Applications. In Monomers, Polymers and Composites from
Renewable Resources; Belgacem, M.N., Gandini, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2008; pp. 433—450.

Skrlové, K.; Malachova, K.; Mufioz-Bonilla, A.; M&finska, D.; Rybkova, Z.; Fernandez-Garcia, M.; Plachd, D. Biocompatible
polymer materials with antimicrobial properties for preparation of stents. Nanomaterials 2019, 9, 1548. [CrossRef]

Llorens, E.; Calderdn, S.; del Valle, L.J.; Puiggali, J. Polybiguanide (PHMB) loaded in PLA scaffolds displaying high hydrophobic,
biocompatibility and antibacterial properties. Mater. Sci. Eng. C-Mater. Biol. Appl. 2015, 50, 74-84. [CrossRef]

Douglass, M.; Hopkins, S.; Pandey, R.; Singha, P.; Norman, M.; Handa, H. S-nitrosoglutathione-based nitric oxide-releasing
nanofibers exhibit dual antimicrobial and antithrombotic activity for biomedical applications. Macromol. Biosci. 2021, 21, 2000248.
[CrossRef]

Sharif, F.; Tabassum, S.; Mustafa, W.; Asif, A.; Zarif, F,; Tariq, M.; Gilani, M.; Rehman, I.; MacNeil, S. Bioresorbable antibacterial
PCL-PLA-nHA composite membranes for oral and maxillofacial defects. Polym. Compos. 2019, 40, 1564-1575. [CrossRef]

Park, C.-H.; Kim, E.K; Tijing, L.D.; Amarjargal, A.; Pant, HR,; Kim, C.S.; Shon, H. K. Preparation and characterization of
PLA/PCL composite fibers containing beta tricalcium phosphate (8-TCP) particles. Ceram. Int. 2014, 40, 5049-5054. [CrossRef]

202



Polymers 2023, 15, 120

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Bosworth, L.A.; Downes, S. Physicochemical characterisation of degrading polycaprolactone scaffolds. Polym. Degrad. Stabil.
2010, 95, 2269-2276. [CrossRef]

Safdari, F.; Gholipour, M.D.; Ghadami, A.; Saeed, M.; Zandi, M. Multi-antibacterial agent-based electrospun polycaprolactone for
active wound dressing. Prog. Biomater. 2022, 11, 27-41. [CrossRef] [PubMed]

Hajduga, M.B.; Bobiniski, R.; Dutka, M.; Izabela, U.W.; Bujok, ].; Pajak, C.; Cwiertnia, M.; Kurowska, A.; Dziadek, M.; Rajzer, I.
Analysis of the antibacterial properties of polycaprolactone modified with graphene, bioglass and zinc-doped bioglass. Acta
Bioeng. Biomech. 2021, 23, 131-138. [CrossRef] [PubMed]

Avci, M.O.; Muzoglu, N.; Yilmaz, A.E.; Yarman, B.S. Antibacterial, Cytotoxicity and biodegradability studies of polycaprolactone
nanofibers holding green synthesized Ag nanoparticles using Atropa Belladonna extract. J. Biomater. Sci.-Polym. Ed. 2022, 33,
1157-1180. [CrossRef]

Felice, B.; Sanchez, M.A.; Socci, M.C.; Sappia, L.D.; Gémez, M.I; Cruz, M.K; Felice, C.J.; Marti, M.; Pividori, M.L; Simonelli, G.;
et al. Controlled degradability of PCL-ZnO nanofibrous scaffolds for bone tissue engineering and their antibacterial activity.
Mater. Sci. Eng. C-Mater. Biol. Appl. 2018, 93, 724-738. [CrossRef]

Gao, C,; Peng, S.; Feng, P; Shuai, C. Bone biomaterials and interactions with stem cells. Bone Res. 2017, 5, 1-33. [CrossRef]
Shuai, C.; Guo, W.; Wu, P; Yang, W.; Hu, S.; Xia, Y.; Feng, P. A graphene oxide-Ag co-dispersing nanosystem: Dual synergistic
effects on antibacterial activities and mechanical properties of polymer scaffolds. Chem. Eng. ]. 2018, 347, 322-333. [CrossRef]
Wu, P; Hu, S.; Liang, Q.; Guo, W,; Xia, Y.; Shuai, C.; Li, Y. A polymer scaffold with drug-sustained release and antibacterial
activity. Int. J. Polym. Mater. Polym. Biomat. 2020, 69, 398—405. [CrossRef]

Gao, L.; Wang, Y;; Li, Y.; Xu, M,; Sun, G.; Zou, T.; Wang, E; Xu, S.; Da, J.; Wang, L. Biomimetic biodegradable Ag@Au nanoparticle-
embedded ureteral stent with a constantly renewable contact-killing antimicrobial surface and antibiofilm and extraction-free
properties. Acta Biomater. 2020, 114, 117-132. [CrossRef]

Zhao, W.; Li, J.; Jin, K; Liu, W.; Qiu, X; Li, C. Fabrication of functional PLGA-based electrospun scaffolds and their applications
in biomedical engineering. Mater. Sci. Eng. C-Mater. Biol. Appl. 2016, 59, 1181-1194. [CrossRef]

Yang, J.; Shi, G.; Bei, ].; Wang, S.; Cao, Y.; Shang, Q.; Yang, G.; Wang, W. Fabrication and surface modification of macroporous
poly(L-Lactic Acid) and poly(L-Lactic-Co-Glycolic Acid) (70/30) cell scaffolds for human skin fibroblast cell culture. . Biomed.
Mater. Res. 2002, 62, 438-446. [CrossRef] [PubMed ]

Croll, T.I.; O’Connor, A J.; Stevens, G.W.; Cooper-White, ].J. Controllable surface modification of poly(Lactic-Co-Glycolic Acid)
(PLGA) by hydrolysis or aminolysis I: Physical, chemical, and theoretical aspects. Biomacromolecules 2004, 5, 463-473. [CrossRef]
[PubMed]

Jing, C.; Chen, S.; Bhatia, S.S; Li, B.; Liang, H.; Liu, C.; Liang, Z.; Liu, J.; Li, H.; Liu, Z.; et al. Bone-targeted polymeric nanoparticles
as alendronate carriers for potential osteoporosis treatment. Polym. Test. 2022, 110, 107584. [CrossRef]

De Faria, A.E; Perreault, F,; Shaulsky, E.; Arias Chavez, L.H.; Elimelech, M. Antimicrobial electrospun biopolymer nanofiber
mats functionalized with graphene oxide-silver nanocomposites. ACS Appl. Mater. Interfaces 2015, 7, 12751-12759. [CrossRef]
[PubMed]

Azzazy, HM.E.-S.; Fahmy, S.A.; Mahdy, N.K.; Meselhy, M.R.; Bakowsky, U. Chitosan-coated PLGA nanoparticles loaded with
peganum harmala alkaloids with promising antibacterial and wound healing activities. Nanomaterials 2021, 11, 2438. [CrossRef]
Li, E; Li, S.; Liu, Y.,; Zhang, Z.; Li, Z. Current advances in the roles of doped bioactive metal in biodegradable polymer composite
scaffolds for bone repair: A mini review. Adv. Eng. Mater. 2022, 24, 2101510. [CrossRef]

Bouhlouli, M.; Pourhadi, M.; Karami, F; Talebi, Z.; Ranjbari, J.; Khojasteh, A. Applications of bacterial cellulose as a natural
polymer in tissue engineering. Asaio J. 2021, 67, 709-720. [CrossRef] [PubMed]

Naghieh, S.; Lindberg, G.; Tamaddon, M.; Liu, C. Biofabrication strategies for musculoskeletal disorders: Evolution towards
clinical applications. Bioengineering 2021, 8, 123. [CrossRef]

Pina, S.; Oliveira, ].M.; Reis, R.L. Natural-based nanocomposites for bone tissue engineering and regenerative medicine: A review.
Adv. Mater. 2015, 27, 1143-1169. [CrossRef]

Boles, L.R.; Bumgardner, J.D.; Fujiwara, T.; Haggard, W.O.; Guerra, FD.; Jennings, J.A. Characterization of trimethyl chi-
tosan/polyethylene glycol derivatized chitosan blend as an injectable and degradable antimicrobial delivery system. Int. ]. Biol.
Macromol. 2019, 133, 372-381. [CrossRef]

Younes, I.; Rinaudo, M. Chitin and chitosan preparation from marine sources. structure, properties and applications. Mar. Drugs
2015, 13, 1133-1174. [CrossRef] [PubMed]

Inzana, J.A.; Schwarz, E.M.; Kates, S.L.; Awad, H.A. Biomaterials approaches to treating implant-associated osteomyelitis.
Biomaterials 2016, 81, 58-71. [CrossRef] [PubMed]

Ahmed, T.A.; Aljaeid, B.M. Preparation, characterization, and potential application of chitosan, chitosan derivatives, and chitosan
metal nanoparticles in pharmaceutical drug delivery. Drug Des. Dev. Ther. 2016, 10, 483-507. [CrossRef] [PubMed]

Mourya, VK.; Inamdar, N.N. Chitosan-modifications and applications: Opportunities galore. React. Funct. Polym. 2008, 68,
1013-1051. [CrossRef]

Vedula, S.S.; Yadav, G.D. Chitosan-based membranes preparation and applications: Challenges and opportunities. |. Indian Chem.
Soc. 2021, 98, 100017. [CrossRef]

Tayel, A.A.; Gharieb, M.M.; Zaki, H.R.; Elguindy, N.M. Bio-clarification of water from heavy metals and microbial effluence using
fungal chitosan. Int. ]. Biol. Macromol. 2016, 83, 277-281. [CrossRef]

203



Polymers 2023, 15, 120

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

McHale, P. Biochemistry and molecular biology of antimicrobial drug action. Br. ]. Biomed. Sci. 2000, 57, 183.

Tayel, A.A.; Moussa, S.; Opwis, K.; Knittel, D.; Schollmeyer, E.; Nickisch-Hartfiel, A. Inhibition of microbial pathogens by fungal
chitosan. Int. J. Biol. Macromol. 2010, 47, 10-14. [CrossRef]

Helander, I.M.; Nurmiaho-Lassila, E.-L.; Ahvenainen, R.; Rhoades, |.; Roller, S. Chitosan disrupts the barrier properties of the
outer membrane of Gram-negative bacteria. Int. . Food Microbiol. 2001, 71, 235-244. [CrossRef]

Chen, X,; Yan, Y;; Li, H.; Wang, X,; Tang, S.; Li, Q.; Wei, J.; Su, J. Evaluation of absorbable hemostatic agents of polyelectrolyte
complexes using carboxymethyl starch and chitosan oligosaccharide both in vitro and in vivo. Biomater. Sci. 2018, 6, 3332-3344.
[CrossRef]

Hu, J.; Wang, Z.; Miszuk, ].M.; Zhu, M.; Lansakara, T.I; Tivanski, A.V.; Banas, J.A.; Sun, H. Vanillin-bioglass cross-linked 3D
porous chitosan scaffolds with strong osteopromotive and antibacterial abilities for bone tissue engineering. Carbohydr. Polym.
2021, 271, 118440. [CrossRef] [PubMed]

Deng, L.; Zhang, X.; Li, Y.;; Que, F; Kang, X,; Liu, Y.; Feng, F; Zhang, H. Characterization of gelatin/zein nanofibers by hybrid
electrospinning. Food Hydrocoll. 2018, 75, 72-80. [CrossRef]

Dong, Y.; Sigen, A.; Rodrigues, M.; Li, X.; Kwon, S.H.; Kosaric, N.; Khong, S.; Gao, Y.; Wang, W.; Gurtner, G.C. Injectable and
tunable gelatin hydrogels enhance stem cell retention and improve cutaneous wound healing. Adv. Funct. Mater. 2017, 27,
1606619. [CrossRef]

Zhao, X.; Liang, Y.; Huang, Y.; He, J.; Han, Y.; Guo, B. Physical double-network hydrogel adhesives with rapid shape adaptability,
fast self-healing, antioxidant and NIR/PH stimulus-responsiveness for multidrug-resistant bacterial infection and removable
wound dressing. Adv. Funct. Mater. 2020, 30, 1910748. [CrossRef]

Kim, S.E.; Heo, D.N,; Lee, ].B.; Kim, ].R.; Park, S.H.; Jeon, S.H.; Kwon, LK. Electrospun gelatin/polyurethane blended nanofibers
for wound healing. Biomed. Mater. 2009, 4, 044106. [CrossRef]

Huang, Y.,; Zhao, X.; Zhang, Z.; Liang, Y.; Yin, Z.; Chen, B.; Bai, L.; Han, Y.; Guo, B. Degradable gelatin-based IPN cryogel
hemostat for rapidly stopping deep noncompressible hemorrhage and simultaneously improving wound healing. Chem. Mater.
2020, 32, 6595-6610. [CrossRef]

Wang, X.; Guo, J.; Zhang, Q.; Zhu, S;; Liu, L.; Jiang, X.; Wei, D.H.; Liu, R.S.; Li, L. Gelatin sponge functionalized with gold/silver
clusters for antibacterial application. Nanotechnology 2020, 31, 134004. [CrossRef]

Chen, Y.; Lu, W.; Guo, Y.; Zhu, Y.; Song, Y. Electrospun gelatin fibers surface loaded ZnO particles as a potential biodegradable
antibacterial wound dressing. Nanomaterials 2019, 9, 525. [CrossRef]

Janmohammadi, M.; Nazemi, Z.; Salehi, A.O.M.; Seyfoori, A.; John, ].V.; Nourbakhsh, M.S.; Akbari, M. Cellulose-based composite
scaffolds for bone tissue engineering and localized drug delivery. Bioact. Mater. 2023, 20, 137-163. [CrossRef]

Seddiqi, H.; Oliaei, E.; Honarkar, H.; Jin, J.; Geonzon, L.C.; Bacabac, R.G.; Klein-Nulend, J. Cellulose and its derivatives: Towards
biomedical applications. Cellulose 2021, 28, 1893-1931. [CrossRef]

Orlando, I; Basnett, P.; Nigmatullin, R.; Wang, W.; Knowles, J.C.; Roy, I. Chemical modification of bacterial cellulose for the
development of an antibacterial wound dressing. Front. Bioeng. Biotechnol. 2020, 8, 557885. [CrossRef] [PubMed]

Fernandes, S.C.M.; Sadocco, P.; Alonso-Varona, A.; Palomares, T.; Eceiza, A.; Silvestre, A.].D.; Mondragon, I.; Freire, C.S.R.
Bioinspired antimicrobial and biocompatible bacterial cellulose membranes obtained by surface functionalization with aminoalkyl
groups. ACS Appl. Mater. Interfaces 2013, 5, 3290-3297. [CrossRef] [PubMed]

Hassanpour, A.; Asghari, S.; Mansour Lakouraj, M.; Mohseni, M. Preparation and Characterization of contact active antibacterial
surface based on chemically modified nanofibrillated cellulose by phenanthridinium silane salt. Int. |. Biol. Macromol. 2018, 115,
528-539. [CrossRef]

Kumar Nethi, S.; Das, S.; Ranjan Patra, C.; Mukherjee, S. Recent advances in inorganic nanomaterials for wound-healing
applications. Biomater. Sci. 2019, 7, 2652-2674. [CrossRef] [PubMed]

Giano, M.C,; Ibrahim, Z.; Medina, S.H.; Sarhane, K.A.; Christensen, ].M.; Yamada, Y.; Brandacher, G.; Schneider, J.P. Injectable
bioadhesive hydrogels with innate antibacterial properties. Nat. Commun. 2014, 5, 4095. [CrossRef] [PubMed]

Rastin, H.; Ramezanpour, M.; Hassan, K.; Mazinani, A.; Tung, T.T.; Vreugde, S.; Losic, D. 3D bioprinting of a cell-laden antibacterial
polysaccharide hydrogel composite. Carbohydr. Polym. 2021, 264, 117989. [CrossRef] [PubMed]

Solomon, S.L.; Oliver, K.B. Antibiotic resistance threats in the United States: Stepping back from the brink. Am. Fam. Physician
2014, 89, 938-941. [PubMed]

Saeed, S.M.; Mirzadeh, H.; Zandi, M.; Barzin, J. Designing and fabrication of curcumin loaded PCL/PVA multi-layer nanofibrous
electrospun structures as active wound dressing. Prog. Biomater. 2017, 6, 39—-48. [CrossRef]

Sadeghianmaryan, A.; Yazdanpanah, Z.; Soltani, Y.A.; Sardroud, H.A.; Nasirtabrizi, M.H.; Chen, X. Curcumin-loaded electro-
spun polycaprolactone/montmorillonite nanocomposite: Wound dressing application with anti-bacterial and low cell toxicity
properties. J. Biomater. Sci.-Polym. Ed. 2020, 31, 169-187. [CrossRef]

Shende, P.; Gupta, H. Formulation and comparative characterization of nanoparticles of curcumin using natural, synthetic and
semi-synthetic polymers for wound healing. Life Sci. 2020, 253, 117588. [CrossRef]

Karri, VV.S.R,; Kuppusamy, G.; Talluri, S.V.; Mannemala, S.S.; Kollipara, R.; Wadhwani, A.D.; Mulukutla, S.; Raju, KR.S,;
Malayandi, R. Curcumin loaded chitosan nanoparticles impregnated into collagen-alginate scaffolds for diabetic wound healing.
Int. |. Biol. Macromol. 2016, 93, 1519-1529. [CrossRef] [PubMed]

204



Polymers 2023, 15, 120

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Shariatinia, Z.; Jalali, A.M. Chitosan-based hydrogels: Preparation, properties and applications. Int. J. Biol. Macromol. 2018, 115,
194-220. [CrossRef] [PubMed]

Francis Suh, ] K.; Matthew, H.W.T. Application of chitosan-based polysaccharide biomaterials in cartilage tissue engineering: A
review. Biomaterials 2000, 21, 2589-2598. [CrossRef] [PubMed]

Ignatova, M.; Manolova, N.; Rashkov, I. Electrospun antibacterial chitosan-based fibers. Macromol. Biosci. 2013, 13, 860-872.
[CrossRef]

Godoy-Gallardo, M.; Eckhard, U.; Delgado, L.M.; de Roo Puente, Y.J.D.; Hoyos-Nogués, M.; Gil, F].; Perez, R.A. Antibacterial
approaches in tissue engineering using metal ions and nanoparticles: From mechanisms to applications. Bioact. Mater. 2021, 6,
4470-4490. [CrossRef]

Biswas, M.C,; Jony, B.; Nandy, PK.; Chowdhury, R.A.; Halder, S.; Kumar, D.; Ramakrishna, S.; Hassan, M.; Ahsan, M.A.; Hoque,
M.E; et al. Recent advancement of biopolymers and their potential biomedical applications. J. Polym. Environ. 2022, 30, 51-74.
[CrossRef]

Hutmacher, D.W. Scaffolds in tissue engineering bone and cartilage. Biomaterials 2000, 21, 2529-2543. [CrossRef]

Babensee, ].E.; Anderson, ].M.; MclIntire, L.V.; Mikos, A.G. Host response to tissue engineered devices. Adv. Drug Deliv. Rev. 1998,
33, 111-139. [CrossRef]

Chen, Z.Y.; Gao, S.; Zhang, YYW.; Zhou, R.B.; Zhou, F. Antibacterial biomaterials in bone tissue engineering. J. Mat. Chem. B 2021,
9,2594-2612. [CrossRef]

Costa, F.,; Carvalho, LE; Montelaro, R.C.; Gomes, P.; Martins, M.C.L. Covalent immobilization of antimicrobial peptides (AMPs)
onto biomaterial surfaces. Acta Biomater. 2011, 7, 1431-1440. [CrossRef]

Makvandi, P; Ali, G.W.; Della Sala, F.; Abdel-Fattah, W.I.; Borzacchiello, A. Hyaluronic acid/corn silk extract based injectable
nanocomposite: A biomimetic antibacterial scaffold for bone tissue regeneration. Mater. Sci. Eng. C-Mater. Biol. Appl. 2020, 107,
110195. [CrossRef] [PubMed]

Ribeiro, M.; Ferraz, M.P.; Monteiro, FJ.; Fernandes, M.H.; Beppu, M.M.; Mantione, D.; Sardon, H. Antibacterial silk fi-
broin/nanohydroxyapatite hydrogels with silver and gold nanoparticles for bone regeneration. Nanomed.-Nanotechnol. Biol. Med.
2017, 13, 231-239. [CrossRef] [PubMed]

Echave, M.C,; Sanchez, P; Pedraz, J.L.; Orive, G. Progress of gelatin-based 3D approaches for bone regeneration. J. Drug Deliv. Sci.
Technol. 2017, 42, 63-74. [CrossRef]

Roosa, S.M.M.; Kemppainen, ].M.; Moffitt, E.N.; Krebsbach, P.H.; Hollister, S.]. The pore size of polycaprolactone scaffolds has
limited influence on bone regeneration in an in vivo model. ]. Biomed. Mater. Res. Part A 2010, 92A, 359-368. [CrossRef]

Christy, PN.; Basha, S.K.; Kumari, V.S.; Bashir, A.K.H.; Maaza, M.; Kaviyarasu, K.; Arasu, M.V.; Al-Dhabi, N.A; Ignacimuthu, S.
Biopolymeric nanocomposite scaffolds for bone tissue engineering applications—A review. J. Drug Deliv. Sci. Technol. 2020, 55,
101452. [CrossRef]

Song, R.; Murphy, M.; Li, C.; Ting, K.; Soo, C.; Zheng, Z. Current development of biodegradable polymeric materials for
biomedical applications. Drug Des. Dev. Ther. 2018, 12, 3117-3145. [CrossRef]

Bernardini, G.; Chellini, F; Frediani, B.; Spreafico, A.; Santucci, A. Human platelet releasates combined with polyglycolic acid
scaffold promote chondrocyte differentiation and phenotypic maintenance. J. Biosci. 2015, 40, 61-69. [CrossRef]

Seal, B.L.; Otero, T.C.; Panitch, A. Polymeric biomaterials for tissue and organ regeneration. Mater. Sci. Eng. R-Rep. 2001, 34,
147-230. [CrossRef]

Fournier, E.; Passirani, C.; Montero-Menei, C.N.; Benoit, J.P. Biocompatibility of implantable synthetic polymeric drug carriers:
Focus on brain biocompatibility. Biomaterials 2003, 24, 3311-3331. [CrossRef]

Singh, S.; Hussain, A.; Shakeel, F.; Ahsan, M.].; Alshehri, S.; Webster, T.].; Lal, U.R. Recent insights on nanomedicine for augmented
infection control. Int. J. Nanomed. 2019, 14, 2301-2325. [CrossRef]

Kalhapure, R.S.; Suleman, N.; Mocktar, C.; Seedat, N.; Govender, T. Nanoengineered drug delivery systems for enhancing
antibiotic therapy. J. Pharm. Sci. 2015, 104, 872-905. [CrossRef] [PubMed]

Liu, H.; Wang, C; Li, C,; Qin, Y.; Wang, Z.; Yang, F,; Li, Z.; Wang, ]. A functional chitosan-based hydrogel as a wound dressing
and drug delivery system in the treatment of wound healing. RSC Adv. 2018, 8, 7533-7549. [CrossRef] [PubMed]

Foox, M.; Zilberman, M. Drug delivery from gelatin-based systems. Expert Opin. Drug Deliv. 2015, 12, 1547-1563. [CrossRef]
[PubMed]

Singh, R.K.; Jin, G.-Z.; Mahapatra, C.; Patel, K.D.; Chrzanowski, W.; Kim, H.-W. Mesoporous silica-layered biopolymer hybrid
nanofibrous scaffold: A novel nanobiomatrix platform for therapeutics delivery and bone regeneration. ACS Appl. Mater. Interfaces
2015, 7, 8088-8098. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

205



o% polymers

Article

Crystallinity Dependence of PLLA Hydrophilic Modification
during Alkali Hydrolysis

Jiahui Shi 1, Jiachen Zhang !, Yan Zhang !, Liang Zhang !, Yong-Biao Yang %*, Ofer Manor ® and Jichun You 1-*

check for
updates

Citation: Shi, J.; Zhang, J.; Zhang, Y.;
Zhang, L.; Yang, Y.-B.; Manor, O.;
You, J. Crystallinity Dependence of
PLLA Hydrophilic Modification
during Alkali Hydrolysis. Polymers
2023, 15,75. https://doi.org/
10.3390/ polym15010075

Academic Editors: José Miguel Ferri,
Vicent Fombuena Borras and Miguel

Fernando Aldés Carrasco

Received: 25 November 2022
Revised: 13 December 2022

Accepted: 21 December 2022
Published: 25 December 2022

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/).

Key Laboratory of Organosilicon Chemistry and Material Technology, Ministry of Education, College of
Material, Chemistry and Chemical Engineering, Hangzhou Normal University, Hangzhou 311121, China
School of Chemistry and Chemical Engineering, Liaoning Normal University, Dalian 116029, China

The Wolfson Department of Chemical Engineering, Technion-Israel Institute of Technology, Haifa 32000, Israel
*  Correspondence: yongbiao@Innu.edu.cn (Y.-B.Y.); you@hznu.edu.cn (J.Y.)

Abstract: Poly(L-lactic acid) (PLLA) has been extensively used in tissue engineering, in which its
surface hydrophilicity plays an important role. In this work, an efficient and green strategy has
been developed to tailor surface hydrophilicity via alkali hydrolysis. On one hand, the ester bond in
PLLA has been cleaved and generates carboxyl and hydroxyl groups, both of which are beneficial
to the improvement of hydrophilicity. On the other hand, the degradation of PLLA increases the
roughness on the film surface. The resultant surface wettability of PLLA exhibits crucial dependence
on its crystallinity. In the specimen with high crystallinity, the local enrichment of terminal carboxyl
and hydroxyl groups in amorphous regions accelerates the degradation of ester group, producing
more hydrophilic groups and slit valleys on film surface. The enhanced contact between PLLA
and water in aqueous solution (i.e., the Wenzel state) contributes to the synergistic effect between
generated hydrophilic groups and surface roughness, facilitating further degradation. Consequently,
the hydrophilicity has been improved significantly in the high crystalline case. On the contrary, the
competition effect between them leads to the failure of this strategy in the case of low crystallinity.

Keywords: PLLA; hydrophilicity; alkali hydrolysis; crystallinity

1. Introduction

With the increasing requirement of health care and the improved understanding of
natural tissue, more and more attention is being paid to medical techniques. Tissue engi-
neering, as a newly emerged field, aims at the development of functional substitutes for
damaged tissue [1]. In tissue engineering, one of the ideal characteristics for the designed
and manufactured medical material is that its surface can lead to increased affinity of
biomolecules [2]. Poly(lactic acid) (or polylactide, abbreviated as PLA) is a semi-crystalline
and environmentally friendly material used in tissue engineering in recent decades. Lactic
acid can be produced by an industrial process from petrochemical feedstocks, or alter-
natively by a fermentation process from renewable sources such as corn, wheat or rice.
The difference is that the petrochemical route results in the racemic mixture of D- and
L-enantiomers, while the production from the natural route is mostly (99.5%) the L-isomer
which leads to poly(L-lactic acid) (PLLA) in the next step [3,4].

Although PLLA has excellent biocompatibility and biodegradability properties and
thus has been widely used in medical purposes such as implants, bone grafting and
fracture fixation devices [5,6], it is in nature a relatively hydrophobic material with a
static water contact angle in the range of 75°-85° [7-9]. For biomedical applications such
hydrophobicity will lead to low cell affinity and thus affect the cell adhesion onto its surface.
In order to improve the cytocompatibility of PLLA, many surface modification techniques
have been proposed, including polymerization grafting [10], ozone oxidization [11,12],
plasma treatment [13-16], alkaline hydrolysis [17,18], surface coating [19], layer-by-layer
self-assembly [20,21], etc.
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In addition to relatively high cost, low efficiency or residual toxic solvent, the reported
strategies always concern either complicated chemical reaction or special requirement of
equipment, which does limit their applications [22,23]. The hydrolysis of PLA as a potential
method has attracted the attention of researchers. Previous results pay more attention to
the evolution of PLA’s matrix properties [24-26] rather than its surface properties.

The degradation of ester bonds with the help of alkaline hydrolysis treatment has been
considered as a reliable, green, low labor-intensive and less time-consuming method [27-29].
It is well known that in alkaline hydrolysis ester bonds undergo the nucleophilic attack
of hydroxide ions, and finally the ester bonds are cleaved to create carboxyl and hydroxyl
groups. By varying the chemical composition of material surface, alkaline hydrolysis can
improve PLA’s hydrophilicity and reduce its water contact angle. Consequently, much
effort has been made to develop the method of alkaline hydrolysis for PLLA in recent years.
For instance, using ethanol to assist the hydroxide nucleophilic attack on ester bond in
NaOH treatment, Yang et al. modified the surface of the microporous PLLA film to enhance
its cell affinity [17]. Sabee and his co-workers investigated the dependence of surface
modification for PLLA microspheres on sodium hydroxide (NaOH) concentration [30]. For
the preparation of bioactivated PLLA scaffolds, the flexible surface functionalization by the
specific alkaline treatment has been successfully developed by Meng et al. [18]. Tsuji et al.
investigated the stability and degradation of PLLA in NaOH. Their results indicated that
the hydrolysis took place preferentially in the amorphous regions. The specimen with low
crystallinity, therefore, exhibited shorter degradation period.

In this work, therefore, an alkaline hydrolysis strategy, inspired by the preferential
degradation in amorphous region, is proposed to establish a more convenient, effective
and green approach for the surface modification of PLLA with the consideration of its
crystallinity. The crystallinity dependence of PLLA hydrophilic modification during alkali
hydrolysis has been investigated in detail. The random degradation on the specimen
with low crystallinity and selective degradation on alternating structures including crystal
lamellar and amorphous region are compared. Based on the surface chemical composition
(obtained from XPS and FTIR) and surface roughness (determined by SEM and AFM), the
important role of crystallinity in alkali hydrolysis has been clarified.

2. Experiment
2.1. Materials

PLLA (3001D, Mw = 120,000, PDI = 1.9) was purchased from Nature works, USA.
Sodium hydroxide (NaOH, AR, >96.0%) was bought from Lingfeng Chemical Reagent Co.,
Ltd., Shanghai, China.

2.2. Preparation and Hydrolysis of PLLA Films

PLLA films were prepared by hot-pressing at 200 °C and 10 MPa (with a thickness of
500 pm). The melted PLLA films were quickly cooled to 120 °C under 10 MPa and annealed
for 60 min, and were named as PLLAgy. The unannealed films were named as PLLA. After
heat treatment procedure, all PLLA films were quenched in an ice-water mixture at 0 °C to
stop crystallization. Hydrophilic modification of PLLA film was done as follows by surface
alkaline hydrolysis. Firstly, the PLLA films were immersed in 1 mol/L NaOH solution, and
alkaline hydrolysis was performed at 55 °C for a predetermined time (1 min, 2 min, 3 min,
4 min, 5 min, 10 min, 15 min, 20 min and 25 min). Secondly, the treated PLLA films were
rinsed with deionized water and soaked for 2 h. Finally, the films were dried in a vacuum
oven at 55 °C for 48 h.

2.3. Characterization

Differential scanning calorimetry (DSC Q2000, TA) measurements were performed in
a nitrogen atmosphere at the heating and cooling rate of 10 °C/min. A universal tensile
testing machine (Instron 5966) was used for tensile property tests at room temperature. The
tensile speed was 10 mm/min. The PLLA samples (before or after alkaline hydrolysis) were
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cut into dumbbell shapes (18 x 0.5 x 3 mm, ASTM D 412-80). At least five specimens were
tested for each sample, and the result of the tensile property test was the average value of
5 stretches. The surface structure of the PLLA samples was observed by scanning electron
microscopy (SEM, Hitachi 5-4800) and atomic force microscopy (AFM, Seiko E-Sweep).
AFM was used to measure the surface roughness of PLLA films, in which a tip with a
force constant of 2 N/m was adopted. The water contact angle of the PLLA films was
obtained by drop-shape analysis (DSA, Kriiss DSA100). The surface composition of the
PLLA film was characterized by means of Thermo ESCALAB 250 X-ray photoelectron
spectrometer (XPS) and Fourier transform infrared resonance (FTIR, Brucker VERTEX 70
V) with attenuated total reflection (ATR) mode.

3. Results and Discussion
3.1. DSC Analysis of the Crystallinities of PLLA Films

First of all, the crystallization kinetics of PLLA at 120 °C (isothermal crystallization)
were investigated with the help of DSC. As shown in Figure 1A, there is an obvious
exothermic peak at the beginning stage, corresponding to the crystallization of PLLA. It
takes ~41 min for PLLA to fully crystallize. In this work, two specimens were adopted to
clarify the crystallinity dependence of alkali hydrolysis. They were named as PLLAj and
PLLAg since these specimens were crystallized at 120 °C for 0 min and 60 min, respectively.
Then DSC measurements were performed to identify the crystallinities of them. In the
black curve in Figure 1B, the glass transition temperature is located at 62.3 °C. During
heating, there is a broad exothermic peak. It starts at ~90 °C and does not disappear until
the occurrence of endothermic peak. The endothermic peak can be attributed to the melting
of PLLA. On the contrary, the exothermic peak arises from the cold crystallization of PLLA
since the temperature is between its glass transition temperature and melting temperature.
It is facile to calculate the crystallinities of PLLA according to Equation (1).

_ AH,,

X, = — "
7 AHY,

)

where Xy, AH,, and AH), are crystallinity, the measured melting enthalpy and standard
melting enthalpy (93.7 ] /g [31]), respectively. For PLLA, its crystallinity is only 4.1%. In
the red curve, PLLAg) has a similar glass transition temperature to PLLA,. Its melting
temperature, however, exhibits a slightly higher magnitude (166.2 °C) relative to PLLAg
(165.4 °C). Such an improvement of melting temperature can be attributed to the thicker
crystal lamellae resulting from sufficient isothermal crystallization. As for the calculated
crystallinity of PLLAgy, it is 46.3%. Because of the high crystallinity in PLLA¢y during
isothermal crystallization, no cold crystallization (exothermic peak) is observed in the
red curve.

~ ~
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Figure 1. The crystallization kinetics of PLLA film at 120 °C (A) and the first heating DSC curve of
PLLA( and PLLAg (B).
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3.2. DSA and Tensile Test during Alkali Hydrolysis

Figure 2A gives the hydrolysis time dependence of water contact angle of PLLA films
with different crystallinities based on the DSA method. In agreement with previous re-
ports [7-9], the water contact angles of PLLA( and PLLAg films before alkali hydrolysis
are located at ~74.0°, suggesting that they are not very hydrophilic materials. Upon alkali
hydrolysis, the evolution of contact angle exhibits remarkable dependence on the crystallini-
ties of PLLA. The pictures showing hydrophilicity through contact angle measurement
have been provided in Figure S1. For PLLA films (black line in Figure 2A), the contact
angle did not change significantly within the experiment period (25 min) but only increased
slightly. For the annealed PLLA films (PLLA), there were two stages in the evolution of
the water contact angle. At the first one, the contact angle decreased quickly with alkali
hydrolysis time (down to 22.4° at 15 min), while at the second stage (15 min to 25 min), the
value was not much sensitive to alkali hydrolysis anymore. In other words, the surfaces
of PLLA films with higher crystallinity become hydrophilic if the hydrolysis time is long
enough. A facile strategy, therefore, has been developed to tailor the surface wettability of
PLLA via alkali hydrolysis. In the assessment of mechanical performance, our attention
will be paid only to the specimen of PLLAg since for PLLA its wettability is hard to
manipulate by means of hydrolysis. As shown in Figure 2B, the elongation at break of
untreated PLLAg film is ~4.5% and the yield strength is ~60 MPa. After alkali hydrolysis,
those two values decrease to 3.1% and 55 MPa, respectively. Both variations are within the
experimental errors. This result indicates that the alkali hydrolysis takes place only on the
film surface and has no remarkable influence on their mechanical properties in the period
up to 25 min. This is significant for the modified PLLA in medical applications.

100 -
- 60— PLLAgy-before
o RN A— — PLLAg-after
o 80 f —— " = S0t
=
=Y Y [~
S —— PLLA = 40t
o 60F —— PLLA by
3 " 60 :
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Figure 2. The hydrolysis time dependence of water contact angle in PLLAy and PLLAg, (A) and
strain—stress curves of PLLAgy before and after hydrolysis (B).

In some special scenarios (e.g., fog capture), hydrophilicity or hydrophobicity gradient
play key roles. According to the strategy developed as discussed for Figure 2A, it is
facile to fabricate a wettability gradient with the help of home-made setup (Figure 3A).
During the experiment, a specimen (PLLAg) with certain length (2.5 cm, here) was kept in
alkali aqueous solution and drawn out with the speed of 1 mm/min. The top part of the
specimen corresponded to a shorter (down to 0 min) alkali hydrolysis time, contributing
to higher magnitudes of water contact angles (Figure 3C). This can also be verified by the
hemispherical droplets at the left part in Figure 3B. On the contrary, the bottom part stayed
in alkali aqueous solution for a longer period (up to 25 min), yielding complete wetting
of water on the specimen upon sufficient alkali hydrolysis (right parts of Figure 3B,C).
Based on the results discussed above, the manipulation of the wettability gradient on
PLLA films has been achieved successfully by varying the alkali hydrolysis period. The
tunable water contact angle can meet unique requirements for the customized surface in
various applications. Obviously, the adjustment of water contact angles (Figure 2A) and its
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wettability gradient (Figure 3B,C) are under the control of both surface composition and
structures [16,21]. In the following parts, we will discuss them one by one.

|1 mm/min Length: 25 mm

A Air
NaOH
Solution

Hydrolysis time (0 to 25 min)

Figure 3. The home-made setup for the fabrication of hydrophilic gradient via alkali hydrolysis (A).
(B,C) show the photos of PLLA films with tunable water contact angle.

3.3. XPS and FTIR Characterization during Alkali Hydrolysis

When the specimen is kept in alkali aqueous solution, the degradation of PLLA takes
place, producing carboxyl and hydroxyl groups, which is shown in Equation (2) [32].

R-COO-R" + NaOH — RCOO™ + HO-R' + Na* )

During alkali hydrolysis, the surface composition was identified with the help of XPS
and FTIR in ATR mode. Figure 4A shows the Cls spectra of specimens before and after
alkali hydrolysis. There are three characteristic peaks at 284.6 eV (Peak 1), 286.8 eV (Peak 2)
and 288.8 eV (Peak 3), corresponding to C-C, C-O-C and C=0 groups, respectively [33,34].
In the black curve, Peak 2 exhibits higher area fraction relative to Peak 3. As for hydrolysis
on the specimen of PLLA,), they are comparable (red curve). While in the case of PLLA
after treatment, Peak 3 corresponds to higher area fraction (blue curve) compared with
Peak 2. The lower magnitude of area ratio between Peak 2 and Peak 3 indicates that
the hydrolysis of PLLA takes place, during which the ester bond has been broken and
converted into hydroxyl and carboxyl groups (as Equation (2)). In this process, the accounts
of C-O-C (Peak 2) in XPS Cl1s spectra decrease. This conclusion has also been supported by
FTIR results as shown in Figure 4B. To compare the absorbance of specimen before and after
hydrolysis, all curves have been normalized according to the characteristic peak of -CHj at
1360 cm~!. The characteristic peak at 1180 cm ! is related to the stretching vibration of
C-O-C bond in PLLA. It exhibits a higher intensity before hydrolysis (black curve). The
treatment for PLLA( leads to the reduced absorbance of the corresponding peak (red curve).
Such decrease has been further enhanced in the case of PLLAg upon hydrolysis (blue
curve). The XPS (Figure 4A) and FTIR (Figure 4B) results reveal that some ester bonds
have been cleaved during alkali hydrolysis. In Figure 4C and 4D, the peaks at 3647.3 cm ™!
and 1717.9 cm~! can be indexed to the hydroxyl and carboxyl groups, respectively. The
absorbances of them at the indicated position exhibit much higher magnitudes relative to
the specimen before treatment, suggesting the higher content of carboxyl and hydroxyl
groups after alkali treatment. The combination of degradation of ester group and generation
of carboxyl/hydroxyl groups makes it clear that alkali hydrolysis cleaves the ester bond
and produces hydrophilic groups. Furthermore, the comparison between red and blue
curves in Figure 4 reveals that there are more hydrophilic (carboxyl and hydroxyl) groups
in the specimen of PLLA.
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Figure 4. XPS C1s spectra (A) and FTIR spectra (B-D) of specimens before and after alkali hydrolysis
of PLLA( and PLLAg.

3.4. SEM and AFM Characterization during Alkali Hydrolysis

As mentioned in the Introduction, the surface roughness of the PLLA films may be
varied during alkaline hydrolysis. In this work, SEM has been employed to characterize
the surface morphology of PLLA films. From Figure 5A to Figure 5C, it can be seen that the
alkaline hydrolysis happens randomly on the surface of PLLA, films, producing concave
structures (marked by red arrows). As the time of alkaline hydrolysis increase, the density
and diameter of the concave structures gradually increase. Finally, they connect with each
other, contributing to higher magnitudes of surface roughness. In the case of PLLA,
the resultant morphologies are of great difference, as shown in Figure 5D-F. There are
some slit valleys in Figure 5D (hydrolysis for 1 min). Then their size increases while some
new valleys appear in Figure 5E (hydrolysis for 5 min). Finally, these structures crowd
together, accounting for the significant improvement of surface roughness. The reason
for the occurrence of these slit valleys (marked by green arrows) will be discussed in the
following parts. The SEM results in Figure 5 make the following points clear. On one
hand, the alkali hydrolysis on PLLA( and PLLA¢, produces concave and slit structures,
respectively; on the other hand, the specimen of PLLA exhibits rougher surface relative
to PLLA,.
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Figure 5. SEM images of modified PLLA membranes upon alkali hydrolysis for the indicated time in
PLLA( (A-C) and PLLA, (D-F).

To identify the surface roughness upon hydrolysis quantitatively, AFM has been
employed. The 3D AFM images are shown in Figure 6. Obviously, the surface becomes more
and more rough during the alkali treatment in PLLA (Figure 6A—-C). The increase of surface
roughness in PLLAg( (Figure 6D-F) is more remarkable. Therefore, the AFM topography
images have excellent agreement with SEM images. The root-mean—square (RMS) surface
roughness has been calculated with the help of commercial software equipped on AFM
based on Equation (3).

Roughness = \/% jf{l—“(x, y) — Z Y dxdy 3)

where S and Z are the corresponding area and average height at the calculated position,
respectively. The resultant surface roughness is shown in Figure 6G. At the surface of hot-
pressed film, the RMS roughness of PLLA( and PLLA is located at ~100 nm, suggesting a
relatively flat film surface. After the treatment in alkali aqueous solution, the roughness
exhibits higher magnitudes. In the case of PLLA,, it increases to 156 nm (5 min), 279 nm
(15 min) and 395 nm (25 min). The alkali hydrolysis on PLLA results in a more significant
increase in RMS roughness. It is 178 nm and 406 nm upon treatment for 5 min and 15 min,
respectively. Finally, it reaches 537 nm at 25 min. Both AFM images and corresponding
surface roughness are all consistent with SEM results shown in Figure 5. According to
the discussion above, the alkali hydrolysis destroys the film surface, contributing to the
rough surface and playing an important role in the consequent wettability. This treatment
produces a much rougher surface in the specimen with higher crystallinity (PLLAg).
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Figure 6. AFM images of modified PLLA membranes: PLLA( with alkaline hydrolysis time for 1 min,
5 min and 25 min (A-C); PLLA¢, with alkaline hydrolysis time for 1 min, 5 min and 25 min (D-F);
(G) shows the roughness evolution during hydrolysis in PLLAy and PLLAg.

3.5. PLLA Surface Alkali Hydrolysis Mechanism

According to the discussion above, we can describe the hydrophilicity of PLLA in
NaOH solution as well as its crystallinity /hydrolysis time dependences as follows. When
the specimen with high crystallinity (PLLAp) is kept in alkali aqueous solution, the degra-
dation of PLLA takes place. As a result, the ester bond has been cleaved, producing carboxyl
and hydroxyl groups. Both are beneficial to the improvement of PLLA hydrophilicity. At the
same time, the degradation of PLLA yields rough surface. The roughness can enhance the
hydrophilicity further, accounting for water contact angles down to 20° (Figures 2A and 3).
However, the reason that such a hydrophilicity evolution cannot happen to the amorphous
PLLA films remains obscure. It is well known that surface roughness and chemical com-
position are both important factors affecting the hydrophilicity of PLLA. Our attention,
therefore, has been paid to the following points to understand the difference between
PLLA( and PLLAy.

(1) The densities of hydrophilic groups, defined as the number of these groups per
unit area, are of great difference in specimens with low and high crystallinities. In PLLA
film with very low crystallinity (PLLA,), there are only terminal carboxyl and hydroxyl
groups in PLLA chain. They randomly distribute on the whole surface (Figure 7A), leading
to the lower density of the hydrophilic groups. However, for a PLLA film upon sufficient
crystallization, the terminal carboxyl and hydroxyl groups have been expelled out from
crystal lamellae and locate in the inter-lamellar regions (Figure 7B). The enrichment of
carboxyl and hydroxyl groups contributes to a higher local density of the hydrophilic group.

(2) When our specimen is immersed in alkali aqueous solution, the local density of
the hydrophilic group produces significant influence on the hydrolysis. In PLLA, the
surface is not hydrophilic enough to enhance the contact between PLLA film and water
since the water contact angle of untreated PLLA locates at 74.0° (Figure 2A). In the case of
PLLAgp, the alkali solution prefers to wet the hydrophilic regions between crystal lamellae,
accelerating the hydrolysis. Consequently, more carboxyl and hydroxyl groups have been
generated, corresponding to the lower content of C-O-C in XPS results (Figure 4A) and
enhanced absorbance in FTIR (Figure 4C, D).

(3) The surface roughness resulting from hydrolysis exhibits crucial dependence on
the crystallinity. In the case of PLLA,, the hydrolysis takes place randomly at the whole
film surface, contributing to concave structures. The density of hydrophilic groups is not
high enough to induce the sufficient contact between PLLA and water. The competition
effect between chemical composition and roughness is the reason for the Cassie state in
which there are air cushions, depressing the further degradation. The situation in PLLA,
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R: Roughness
C: Chemistry

. Hydrophilic Group

Competitive Effect

however, is different. The area containing PLLA crystal lamellae remains stable while
the hydrophilic area in inter-lamellar regions accelerates the hydrolysis since it occurs
preferentially in the amorphous region of PLLA films [32]. The selective hydrolysis results
in slit valleys shown in SEM (Figure 5) and AFM (Figure 6) images, and higher magnitudes
of height difference in two regions, yielding higher surface roughness (Figure 6G). There
are so many hydrophilic groups in the valleys that the contact between PLLA and water
has been enhanced, accounting for the Wenzel state in which sufficient contact can promote
further hydrolysis. This is the so-called synergistic effect.

(4) With the combination of surface roughness and chemical composition, the specimen
of PLLAg exhibits strong hydrophilicity and lower water contact angle (down to 20°).
In the case of PLLA, the hydrolysis has been slowed down, leading to lower content of
carboxyl and hydroxyl groups on film surface. It is difficult to enlarge the hydrophilicity by
surface roughness. The water contact angle, therefore, increases slightly upon hydrolysis.
In one word, the competitive effect and synergistic effect between surface roughness and
chemical composition dominate the wettability in PLLAy and PLLAg, respectively.
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Figure 7. Schematic diagram of PLLA surface alkali hydrolysis mechanism: (A) Untreated amorphous
PLLA film surface; (B) amorphous PLLA film surface after hydrolysis; (C) untreated crystallized
PLLA film surface; (D) crystallized PLLA film surface after hydrolysis.

4. Conclusions

In this work, a green and convenient strategy of surface modification for PLLA film
has been developed via alkaline hydrolysis during which the crystallinity of PLLA plays
an important role. In the case of high crystallinity, the water contact angle decreases re-
markably upon alkali hydrolysis (from 74.0° down to 18.2°). The evolutions of surface
roughness (from ~100 nm up to 537 nm) and composition indicate that the local enrichment
of terminal carboxyl and hydroxyl groups during isothermal crystallization contributes to
sufficient contact between PLLA and water in aqueous solution, accelerating the degrada-
tion of PLLA. This is the reason for high-density carboxyl and hydroxyl groups and higher
magnitudes of surface roughness in the high crystalline case. The synergistic effect between
them promotes the further alkaline hydrolysis and improves the hydrophilicity of PLLA.
On the contrary, terminal hydrophilic groups distribute on the whole surface randomly in
the specimen with low crystallinity, which leads to limited hydrophilic modification. In
that case, the surface of PLLA is still hydrophobic and the increase of surface roughness
contributes to the Cassie state in which there are air cushions, depressing the further degra-
dation. As a result, the competition effect between surface roughness and composition
leads to failure of this strategy. Note that in this work, our study was performed at fixed
temperature and pH levels. The conditions of extreme temperature and pH may result in a
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complicated Cassie state, a Wenzel state and even transition between them which will be
investigated in future publication. Our results are significant for the surface modification
of PLLA as well as its applications in medical fields.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /polym15010075/s1, Figure S1: Contact angle pictures of modified
PLLA film: amorphous PLLA films with different hydrolysis time(A;—-A1p); Different hydrolysis time
of PLLA films annealed for 60 min (B1—Byp).
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Abstract: The effects of post-treatment temperature-based methods for accelerating the ageing of
PLA were studied on 1D single-PLA filaments after fused filament fabrication (FFF). The goal was
to answer the questions whether the PLA can be safely aged—i.e., without degrading—at higher
temperatures; at which temperatures, if any; how long it takes for the PLA to fully age at the chosen
temperature; and which are the main differences between the material aged at room temperature and
the material aged at higher temperatures. We also share other helpful information found. The use of
1D filaments allows for decoupling the variables related to the 3D structure (layer height, raster angle,
infill density, and layers adhesion) from the variables solely related to the material (here, we analysed
the molecular weight, the molecular orientation, and the crystallinity). 1D PLA filaments were aged
at 20, 39,42, 51, 65, 75, and 80 °C in a water-bath-inspired process in which the hydrolytic degradation
of the PLA was minimised for the ageing temperatures of interest. Those temperatures were selected
based on a differential scanning calorimetry (DSC) scan of the PLA right after it was printed in
order to study the most effective ageing temperature, 39 °C, and highlight possible degradation
mechanisms during ageing. The evolution of the thermal and mechanical properties of the PLA
filaments at different temperatures was recorded and compared with those of the material aged at
room temperature. A DSC scan was used to evaluate the thermal and physical properties, in which the
glass transition, enthalpic relaxation, crystallisation, and melting reactions were analysed. A double
glass transition was found, and its potential implications for the scientific community are discussed.
Tensile tests were performed to evaluate the tensile strength and elastic modulus. The flow-induced
molecular orientation, the degradation, the logistic fitting, and the so-called summer effect—the
stabilisation of properties at higher values when aged at higher temperatures—are discussed to assess
the safety of accelerating the ageing rate and the differences between the materials aged at different
temperatures. It was found that the PLA aged at 39 °C (1) reached almost stable properties with just
one day of ageing, i.e., the ageing rate accelerated by 875% for the elastic modulus and by 1635%
for the yield strength; (2) the stable properties were higher than those from the PLA aged at room
temperature; and (3) no signs of degradation were identified for the ageing temperature of interest.

Keywords: 1D PLA filaments; mechanical properties; thermal properties; temperature; ageing

1. Introduction

Additive manufacturing is a growing field that can produce 3D-printed components
with few geometrical restrictions. These manufacturing processes are suitable for polymers,
metals, ceramics, and composites [1-6]. Fused filament fabrication (FFF) is shared among
the different additive manufacturing techniques due to its low cost and accessibility. The
FFF works with materials that melt and flow (i.e., that are not suitable for thermosets), such
as PLA [7-9], PETG [10], and ABS [11,12]. In this work, we study polylactic acid (PLA), a
polymeric biomaterial commonly studied in many applications [13], from basic furniture
and decoration [5,14] or textile and fashion [9] to advanced medical applications [7,15,16].
All of this is of great interest, as an accessible technique (FFF) is suitable for producing
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components with almost no restrictions with a relatively cheap material (PLA). However,
before testing any PLA or PLA-based composite materials produced via FFF, it must
be considered that FFF processing melts and extrudes the PLA. This creates a thermal
treatment that returns the polymer to an out-of-equilibrium state from which it slowly
ages, which in this work means an evolution of the material due to the thermal vibration
of the macromolecules to their equilibrium position. Because of this, the properties of the
printed PLA slowly evolve (age) and increase the elastic modulus, the tensile strength,
the yield strength, the glass transition, the enthalpic relaxation, and any other property
related to the conformation of the amorphous part of the PLA. Logically, and knowing this
phenomenon, it should be mandatory to fully age the PLA—and explicitly prove that it
is entirely aged—to make possible a reliable comparison of results between researchers
when the effect of any variable is studied on the properties of printed PLA filaments or
structures. That said, in our first work on PLA [17], we performed a comprehensive study
on how the 1D filaments of printed neat PLA 2003D (one of the many PLA grades) naturally
aged. We found that this high-molecular-weight PLA required up to 90 days—at room
temperature, inside zip bags with a desiccant—to stabilise its mechanical and thermal
properties and that these properties increased by up to 75% simply because of the ageing.
An essential and argued aspect of that work was the use of 1D filaments instead of the
standardised 3D-printed samples. Additive manufacturing via FFF consists in placing a
continuous flow of fused material at particular locations, layer by layer, until the addition of
material creates an object. The manner of producing these components layer by layer makes
them highly anisotropic, and several variables need to be defined that have a significant
influence on the properties of the final printed product: infill density, nozzle temperature,
printing speed, layer thickness, raster angle, and bed temperature [18-21]. This inherent
fact about any 3D-printed component makes understanding the material difficult using
3D-printed samples. It is almost impossible to separate the structure-related variables
(the layer adhesion or the concentration of stresses on corners) and the material-related
variables (the molecular weight, the crystallinity, and the orientation of the molecules).
Surprisingly, no researchers, as far as we know, have studied the properties of 1D-printed
PLA specimens by decoupling the material properties from the structural variables [22].
Nonetheless, studies on 3D-printed samples have highlighted the difficulties of addressing
the multivariable problem of studying 3D-printed components [18].

Altogether, the facts from our previous work [18], in which the PLA 2003D required
up to 90 days at room temperature to be entirely aged, raise the question of how to control
the ageing rate of the printed PLA filaments and measure the real impact on the PLA.
We performed a second work demonstrating that the PLA’s ageing can be safely stopped
(without any decrease in the mechanical properties) by freezing the PLA at —24 °Cina
conventional freezer [23]. However, we only studied lower temperatures—as our goal
in that study was to completely stop the ageing—and did not conduct any research on
higher temperatures for accelerating its ageing. In reviewing the literature, we could not
find answers to our research questions posed here. Thus, we waited three months before
making any characterisation of neat PLA material afterwards, at least until now (except for
composite PLA-based materials). It is not new information that the ageing rate of a polymer
can be accelerated by increasing the temperature. However, increasing temperatures might
be problematic for PLA materials, as this enhances any potential degradation of the PLA,
especially in humid atmospheres, based on the hydrolytic degradation due to the cleavage
of ester groups [24-29]. This degradation should not be a problem at temperatures below
the PLA’s glass transition temperature (Tg) [19].

As the macromolecules gain more and more kinetic energy due to an increase in the
temperature, they have more energy to reach more stable locations on the microstructure of
the polymer, reducing its free space and ageing the material. For effective ageing (in which
the properties increase until they stabilise), it would be ideal to use temperatures as high as
possible but consistently below the Tg. However, if temperatures above Tg are used, the
macromolecules have so much kinetic energy that they can no longer be in ordered and
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stable positions—it is as though the amorphous part were to melt—and the ageing of the
PLA is no longer possible.

The Ty is a second-order transition in which the polymer chains significantly increase
their mobility. It can be measured using differential scanning calorimetry (DSC) or fast scan-
ning calorimetry (FSC) as an endothermal drop related to the change in heat capacity [30],
or through dynamic mechanical analysis (DMA) as a drop on the elastic modulus, as an
increase in the loss modulus, and as an increase as well of the tan 6 [31,32]. In this work,
the DSC technique was used. The glass transition was not instantaneous. The material
did not heat evenly during the DSC (depending on the mass of the material, the manner
in which it is placed inside the DSC crucible, and the heating rate). The Ty also depends
on a molecular weight distribution which, by its essence, makes the Tg into a distribution
of temperatures. Even though the Ty is defined at some point between a changing line in
the DSC graph (a transition), there is an onset and offset temperature. There are different
theories for defining the specific Tg value from a DSC, but they all provide a Tg value
higher than the onset temperature. Thus, lower values than the usually defined Tg should
be used to ensure that all the PLA is ageing. More precisely, the ageing temperatures
should be lower than the onset temperature measured at a slow heating rate and with as
much surface of the PLA in direct contact with the DSC crucible as possible. This will
ensure that all the amorphous part of the PLA (which, as a polymer, is formed through
a weight distribution of macromolecules) remains restricted to low degrees of mobility,
leading to an effective ageing process [24]. Otherwise, for a Ty value measured at 10 °C,
ageing performed at 1 degree below that measured Ty might not age the polymer or, at
least, not all of its structure.

Regarding the literature about ageing PLA, many researchers have studied the effect
of heating the PLA after it was processed via FFF [19,33,34]. For example, some researchers
have studied thermal treatments at temperatures above Ty to improve the mechanical
properties of PLA by increasing the crystallinity [19,34]. Alternatively, other work mentions
an improvement in mechanical properties due to the enhanced bond between the layers and
an increase in crystallinity [35]. However, as far as we know, no research has considered
the isolated 1D-printed filament but the whole 3D-printed structure after FFF [12-14,27,29].

This paper analyses and discusses the effects solely affecting the PLA when it is
accelerated by raising the ageing temperature in a low-humidity atmosphere by studying
those 1D filaments. Our research questions to answer are:

1.  Isitsafe to effectively accelerate the ageing of the PLA by heating it? To answer this
question, the degradation of the PLA was analysed with regard to the shifting of peaks
in the DSC scans (decreased temperature in the crystallisation reactions, increase in
the crystallisation enthalpies, a decrease in the melting point) and the decrease in both
the elastic modulus and tensile strength. As the primary degradation mechanism is
the hydrolytic degradation with the air humidity, the change in colour of a desiccant
inside the ageing device was used to determine the low-humidity conditions during
the ageing qualitatively.

2. At which temperature can the PLA be effectively and safely accelerated? How long
does the PLA need to be entirely aged at that temperature? Different temperatures
were studied. The temperatures were chosen based on a DSC scan on the PLA right
after it was printed after finding an optimal ageing temperature and forcing the
degradation mechanism. The evolution of the thermal and mechanical properties
was measured at different times to ensure that stable properties were reached and the
minimum ageing time was set for the central ageing temperature of interest.
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3. What are the main differences between the PLA that was slowly aged at room temper-
ature and the one aged at higher temperatures? The PLA aged at room temperature
is compared with the material effectively aged at higher temperatures. This makes
possible a better understanding of how future 3D-printed samples of PLA will be
affected—at least for the thermal and mechanical properties of the 3D structures
that are no longer slowly aged during 3 months at 20 °C but accelerated at a higher
temperature.

4. Has any other phenomenon of interest been detected? As different properties were
studied, the results obtained during this research were analysed to determine other
phenomena related to the PLA and, if something interesting is found, to share it with
the research community.

To answer these questions and solely address the variables related to the material, 1D
filaments were studied, following the methodology developed in previous research [15,17,23]
based on the UNE-EN ISO 527-2:2012. The degradation, the flow-induced molecular
orientation, the so-called summer effect, and other phenomena of interest (a hidden Ty)
are analysed. This paper complements our previous study on controlling the ageing of
the PLA [23], in which the effects of freezing the PLA to stop its ageing were understood.
The results of that paper are used in this research. Now, we are looking to understand the
opposite, that is, how accelerating the ageing rate by increasing the ageing temperature
impacts the mechanical and thermal properties of the filaments after FFF, the building block
of any 3D-printed structure for answering those questions.

Answering our research questions will provide the following benefits:

5. Our main aim is to find and understand a reliable, safe, and effective method to
accelerate the ageing of PLA 4043D-based materials (decoupled from the effects of the
structure) to be sure of how the ageing method is affecting the PLA and reduce the
research schedule from months (time required until the PLA is entirely aged at room
temperature) to just a few days (as demonstrated in this study).

6.  Anemphasis on the importance of studying aged materials is essential for comparing
results from different research with confidence.

7. It would allow us to understand and report how the thermal treatments affect the
material decoupled from the variables related to the structure. Nonetheless, this
study will have some limitations for extrapolation to 3D structures, as the thermal
history of the PLA during the printing of 3D models is different depending on printed
geometry, printer parameters, and ambient conditions [20]. However, studying the
most fundamental building block of any 3D-printed structure, a 1D filament, will help
unveil the phenomenon underlying the changes observed in a 3D-printed e-structure
after thermal treatment, simplifying the multivariable problem of 3D-printed parts
from a novel perspective not found in the literature.

2. Materials and Methods

This study analysed the first three months of the natural ageing of 1D filaments of
PLA aged at room temperature and higher temperatures. Our previous study showed that
a similar high-molecular-weight PLA required three months of natural ageing at 20 °C in
order to stabilise its properties; this is the reason for conducting the ageing studies for up to
91 days. As the primary objective was to compare the samples at room temperature (20 °C)
with the samples aged at higher temperatures (39, 51, 65, 75, and 80 °C), no longer times
were considered. For a better understanding of the content of this work, a summary of the
material production, storage, ageing, and experiments is provided in Figure 1, as well as
the research question.
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Figure 1. Workflow of the experiments performed: (a) production of PLA 1D filaments from pellets;
(b) storage of PLA filaments; (c) accelerated ageing prior to definition of ageing temperatures with a
DSC scan on the material right after it was printed; (d) experiments performed; (e) research questions.

2.1. Materials and FFF

The material studied was the 4043D (a commonly studied PLA suitable for 3D printing
applications) from Nature Works and supplied by Prusa in the form of filaments with a
diameter of 1.75 £ 0.02 mm. The material was printed in a Prusa i3MK3S+ with a 0.4mm
nozzle at 215 & 1 °C (a temperature between 200 and 220 °C, typical printing temperatures
for neat PLA and recommended by Prusa) and at an extrusion rate of 20 mm/s, a relatively
slow printing speed found in accurate printing processes and studied by other authors [36].
Filaments with diameters between 350 and 450 micrometres were obtained (Figure 1a). This
4043D material was compared with the 2003D from Nature Works, a high-molecular-weight
PLA (182.000 g/mol) used in our previous studies [15,17,23]. The material 2003D has been
discontinued; thus, we looked for a similar PLA currently used in the literature, and found
the 4043D [36]. The PLA 4043D was printed in a room at 23 °C and ambient humidity, then
frozen at —24 °C after 2 h of natural ageing at 20 °C to ensure that all the PLA studied were
under the same conditions [23], as summarised in Figure 1b.

2.2. Ageing Procedure

Printed filaments were stored inside zip bags with a desiccant inside to ensure a
low-humidity-controlled atmosphere, essential for avoiding any degradation through the
hydrolysis of the PLA. Ageing at room temperature was performed inside these bags, as
indicated in Figure 1b. The bags were later placed in a dark room, with no UV light sources
and at a controlled temperature of 20 &+ 1 °C. The ageing temperatures were 39, 42, 51,
65,75, and 80 °C. The reason for these temperatures is explained in the discussion, but in
summary, they were chosen based on the DSC scan of a 2h aged sample of PLA right after
it was printed (Figure 1c) to try to force any potential degradation mechanism inside the
ageing device and to probe the importance of adequately ageing the material before making
conclusions about it. The ageing at those six temperatures higher than room temperature
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was performed inside an oil bath, using an "oil bath" device, schematised in Figure 2a.
Premium Mineral Oil 10W-40 (Repsol) was used as the liquid bath in the device, as shown
in Figure 2b. Then, the PLA filaments were introduced inside PET zip bags with a desiccant
inside. After this, PP test tubes were prepared (Figure 2c) by placing a steel ball at the
bottom—to ensure that the test tube sinks—and adding 2-3 g of desiccant. Then, the zip
bags with the filaments were introduced inside PP test tubes. The PP tubes were sealed
with vacuum grease applied to the caps-tube joints (Figure 2c). Finally, the tubes were
immersed inside the oil, with the oil previously stabilised at the required temperature. The
temperature was monitored with a precision of +0.1 °C with the help of a thermocouple
(FLUKE 50D K/]J Thermometer) introduced in a reference test tube—and not directly into
the oil—ensuring that the measured temperatures were the actual ageing temperatures. The
oil level in the oil bath was slightly below the cap-tube joint, as schematised in Figure 2a.
Different methods were tested for the ageing at elevated temperatures, involving water as
the hot liquid in the water bath device; however, any method involving water instead of
oil failed as the desiccant completely changed its colour in just a few minutes. The cost of
the ageing device with the oil and desiccant was EUR 150, making it an economical and
practical method for the rest of the researcher community.

LJ LA u h_d

Figure 2. Ageing device. (a) Scheme of the ageing device; (b) actual picture of the ageing device with

25 test tubes in a 5-by-5 grid, with the middle one used for measuring the temperature; (c) preparation
of PP test tubes, left to right: PP tube, with a ball of steel, with desiccant, with the samples inside a
zip bag with more desiccant inside.

2.3. Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) was performed on a Mettler Toledo 822e
device at a heating rate of 10 °C/min from 30 to 180 °C (Figure 1d). The device was
calibrated following the Indium standard. Aluminium crucibles of 40 microlitres were used,
in which 4.5 to 5.5 mg of PLA filaments were cut into 2-3 mm pieces and carefully placed
inside, ensuring that all the pieces were in contact with the bottom. This was important
for minimising measurement errors, as it was found that differences of up to 1 °C were
obtained if not all the PLA was in direct contact with the crucible [16].

2.4. Tensile Test

Mechanical tests were performed on an Instron 5866 universal tensile test machine
with a load cell of 1 kN (Figure 1d). Before the mechanical testing, the samples were
attempered at room temperature inside zip bags with a desiccant for 2 h in a room with
no sources of sunlight. Then, the same procedure was followed that was described in our
previous study for testing the 1D filaments [15,17,23]. The strain rate used was 1 mm/min
(consistent with the UNE-EN ISO 527-2:2012) on filaments of 20 mm length, in addition to
7.5 mm extra length on each side glued with a cyanoacrylate-based adhesive to a cardboard
frame (Figure 3). Then, the cardboard frame was firmly held with mechanical clamps,
as shown in Figure 3b. The clamps were joined to the load cell with rotulas to avoid
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non-tensile stresses on the filaments during the tests. For modelling mechanical properties,
the logistic model proposed in our previous study was used [1].

Cardboard s,

Figure 3. Clamps setup used for the mechanical testing of 1D-printed PLA filaments. (a) Scheme
of the setup, (b) picture of an actual sample prior to testing, (c) profilometer detail of the filament,
cardboard, and adhesive clamp.

This is the expression used for the logistic fitting:

8w (11A)S o
14+ Ae Bt 14+ Ae Bt

S(t)

where

1. S, the value of the property at an infinite time of ageing. It corresponds to the
stabilised value. It has the units of the property (e.g., stress units such as MPa or GPa
for the tensile strength or elastic modulus).

2. A, the ageing potential (adimensional). It describes the gap between the property
at zero days (on the material right after it was printed) and infinite days of ageing
(stabilized).

3. B, is the ageing rate in units of (1/time), which describes the speed at which the
material evolves towards the steady state. This fitting was proven to properly define
the evolution of the tensile strength, yield strength and elastic modulus with the
natural ageing at room temperature by using just those 3 parameters. The objective
was to increase the value of the B parameter, the ageing rate, by increasing the ageing
temperature. B was used to quantify the extent to which the ageing rate varied at
different ageing temperatures. The logistic fitting is impossible to apply if the material
is not ageing, i.e., for the temperatures higher than Ty (51 °C and 65 °C). When the
logistic fitting was not possible because the material did not evolve with the ageing
temperature (51 °C in this study), the linear fitting y = mx + ¢ was used. The 65 °C
was not fitted to any curve as there were not enough points.

3. Results
3.1. Thermal Properties

All the results for the thermal properties measured on the DSC are summarised in
Table 1.
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Table 1. Thermal properties of the 1D-printed PLA. All samples were printed at 215 °C. Temperature
measured in °C with a = 0.5 error (except as indicated), enthalpies in /g with a 3.4% error of total
value following Mettler Toledo guidelines, time in hours (h) or days (d) with an error of + 0.1h. All
aged samples at temperatures above 20 °C were aged after 2 h of natural ageing (for example, one
day at 39 °C means that the material has been aged 2 h at 20 °C and one day at 39 °C), crystallinity
in percentage (%) with an error of & 1. Positive enthalpy changes indicate that the material absorbs
energy, following the IUPAC convention. Ty 1 and Tgp: first and second glass transition on the DSC
during heating; Tgr: enthalpic relaxation temperature; AHgr: enthalpy of enthalpic relaxation; Tcc:
cold crystallisation temperature; AHcc: enthalpy of cold crystallisation; T, : melting temperature;
AHp: enthalpy of melting; xo,: crystallinity percentage. The symbol “-” is used for undetected values.

Ageing Ageing Temperature Tg1 Ter1 AHgr1 Tg2 Tcce AHcc Tm AHp, X%
0.5h 20+ 0.1 - - - 54.4 123 —15.2 152 15.2 <3
2ht 45.5 - - 57.5 123 —15.2 152 15.2 <3

3h 46.4 - - 57.6 123 —14.7 151 16.4 <3
1d 51.5 - - 59.9 124 —17.0 154 17.2 <3
4d 54.8 - - 61.1 121 —16.8 152 16.4 <3
7d 56.1 58.6 0.15 62.6 122 —15.6 152 15.9 <3
14d 56.6 58.9 0.79 - 121 —15.8 152 16.3 <3
24 d 56.9 60.0 1.61 - 122 —16.2 152 16.5 <3
49d 57.2 60.6 25 - 122 —15.9 152 16.3 <3
91d 57.5 61.0 37 - 123 —15.7 153 16.5 <3
1d 39 +0.1 58.4 61.4 2.0 - 125 —144 153 15.2 <3
2d 59.0 61.7 33 - 124 —17.8 152 18.6 <3
4d 59.4 62.2 4.0 - 125 —14.5 152 15.7 <3
7d 60.7 63.2 44 - 125 —14.7 152 15.5 <3
14d 61.0 63.5 47 - 124 —15.0 152 15.7 <3
24 d 61.2 63.5 5.0 - 124 —15.9 152 17.2 <3
1d 42 +£0.1 59.5 62.1 3.2 - 124 —14.0 152 15.4 <3
4d 63.3 65.6 5.7 - 124 —15.2 152 16.9 <3
1d 51+0.1 57.5 61.5 0.6 - 122 —21 152 22 <3
4d 58.2 62.5 0.9 - 122 —-22 152 23 <3
7d 57.7 62.0 0.8 - 121 —25 151 24 <3
14d 57.1 63.0 0.7 - 121 —23 152 23 <3
24d 57.5 62.3 0.8 - 121 —24 152 24 <3
42d 57.2 62.0 0.8 - 121 —24 152 24 <3
1d 65+ 0.1 57.7 61.9 0.6 - 118 —27 150 27 <3
1d 75 + 0.1 60.8 - - - -2 -2 154 28 20
1d 80+ 0.1 61.9 - - - - 0 153 27 28

! Accelerated ageing materials start from this reference at 2 h of natural ageing at 20 °C. % A precise calculation is
not possible. Values detected, but highly mixed o’- and «-related reactions.

It is generally said that the ageing rate of a polymer can be accelerated only at tem-
peratures below Tg. For this reason, Tg was measured on PLA samples right after printing
(0.5 and 2 h) to set a maximum ageing temperature. However, how this maximum ageing
temperature should be obtained is not further explained. Our goal was to use the highest
temperature possible. Two DSC tests were performed to obtain a picture of the Ty reaction
on the PLA right after it was printed. Figure 4 shows the DSC scans at 10 °C/min of the
PLA aged at 20 °C at different times. A phenomenon was found, not described yet in the
literature as far as we know, in which two glass transition reactions appeared. These were
later sought and found on the PLA 2003D.

224



Polymers 2023, 15, 69

ya 0.5h

2h

Aexo I 3h
- \ |‘
\ ) 1d
0.2 A “
Wgn-1 AW 4d
1

\ ) 14 d

24d

40 60 80 °C
Temperature

Figure 4. Detail of DSC scans at 10 °C/min of PLA 4043D samples aged at 20 °C, for illustrating the
double T, observed: (a) hidden Tg; on PLA right after it was printed, which was used to determine
the maximum temperature at which the material could be aged and highlight the importance of
studying aged materials; (b) second glass transition, Tgp; (c) missing Tg; (d) missing Tg.

In Figure 4, a clear endothermal transition consistent with Tg, called ng, was identified
after 0.5 h of the printed material. A slight endothermal process was noticed before the Tg,
on the samples aged for 2 h. The experiment was conducted at heating rates of 10 °C/min
during the following days (Figure 4). We observed: (1) that the Ty, was disappearing,
and (2) that the slight endothermal reaction was becoming larger and forming the typical
shape of the glass transition; we called it Ty as it was the first glass transition to appear on
the DSC heating scan. For the Tg; to show up consistently, at least 2 h of natural ageing
at 20 °C was required after the FFF process (Figure 4). Samples studied at 0.5 h after
being printed did not show Ty, making this double Ty a potential problem for (a) any
DSC in the literature on PLA samples right after printing at ageing times lower than 2 h,
(b) for the typically used procedure “first heating — cooling — second heating” [37], as our
findings provide information about Tgy but not about Tg;. Notice that the PLA 4043D-based
materials are commonly studied in the literature [27-32]. Moreover, this Tg; phenomenon
is very subtle during the first hours. A large mass of PLA-to-surface contact between the
PLA and the aluminium crucible made it even more challenging to detect it. This result
shows the importance of carefully placing the material inside the DSC crucible in the most
controlled and reproducible manner and with a similar mass (not in the range of 2 to 10 mg).
Both variables were responsible for shifts of up to +1 °C in the temperature peaks and a
widening of the peaks. The evolution of Tg; was found to be extremely fast (compare its
value at 2 and 3 h on samples aged at 20 °C in Table 1), making it hard to define a maximum
temperature limit for accelerated ageing.

After this discussion on the double glass transitions and considering that the T is
defined approximately as the halfway point of the glass transition—depending on the
standardised method used—not the glass transition but the onset temperature of the glass
transition was used as the maximum temperature at which the ageing could be effectively
performed. The onset temperature of the first glass transition (Tg;) was 42.9 °C (Figure 5a).
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This temperature was measured from a DSC at 10 °C/min after 2 h of natural ageing at
20 °C, and it is known that for obtaining precise values, slower DSC scans should be used.
The heating rate of 10 °C/min is a heating rate that can be easily found in research on PLA
from other authors in the literature [30,38-44] as well as in our previous works [15,17,23].
However, notice the difference between the scan at 10 °C and 3 °C in Figure 5. The onset
temperature of Tg1 on the DSC scan at 3 °C/min was 41.7 °C, decreasing by 1.2 degrees the
measured onset temperature.

2hours Tg1  Tg Tec @ anda) T (o anda)
3 °C/min
, P 10 °C/min
¥ ok ok ok kK L
I 11 i | 1 : : b
T T T T T T T T T T T T T T T T
20 40 60 80 100 120 140 160 180

Figure 5. DSC of neat PLA right after printing via FFF at heating rates of 3 and 10 °C/min. Stars
indicate the ageing temperatures used: 20, 39, 42, 51, 65, 75, and 80 °C. (a) T.onset of the first glass
transition; (b) Tg of the first glass transition; (c) T.onset of the second glass transition; (d) Tg of the
second glass transition. Crystallisation and melting reactions are also indicated. Dashed lines are
included for reference.

The evolution of Tg; was relatively fast, making it even harder to define a maximum
temperature limit for the accelerated ageing. It was found that 42 °C worked very well
for accelerating the ageing of the PLA 4043D naturally aged 2 h after FFF (results in
Table 1). That temperature was above the measured 41.7 °C, but we decided to use a more
conservative temperature to be on the safe side of the daily use of ageing samples 2 h right
after printing. The chosen temperature was 39 °C, approximately 3 degrees below the onset
temperature, 6 degrees lower than the first glass transition measured (Tg; at 10 °C/min
on samples aged 2 h at 20 °C after FFF), and 15 degrees lower than the Ty, measured at
0.5 h after printing. The 51 °C ageing temperature was chosen as it was close to but below
the second glass transition (Tg) found on the PLA right after it was printed in order to
demonstrate that the Tg» measured cannot be directly used as an indicator of the maximum
temperature for accelerating the ageing of the PLA, especially if it was measured on a
sample right after printing. Temperatures of 65, 75, and 80 °C were used to provide further
information on how ageing at higher temperatures could affect the PLA (inside our ageing
device) and to show any potential degradation evidence together with the mechanical tests
to confirm the safeness of accelerating the ageing of the PLA. The DSC results are discussed
together with the mechanical properties.
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3.2. Mechanical Properties

All the results from the tensile tests on the PLA 4043D are summarised in Figures 6 and 7.
Tests at 0.5 h were not viable, as the adhesive clamp needs time to harden, and the minimum
possible ageing time at room temperature was 2 h (approximately 0.1 days) from printing
to a reliable tensile test.
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Figure 6. Tensile strength evolution with ageing time at different ageing temperatures. Logistic
fittings for 20 and 39 °C, linear fitting for 51 °C. These fittings correspond to Equations (2), (4), and
(6), respectively.
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Figure 7. Elastic modulus evolution with ageing time at different ageing temperatures. Logistic
fittings for 20 and 39 °C, linear fitting for 51 °C. These fittings correspond to Equations (3), (5), and
(7), respectively.

Thermal and mechanical properties were measured, and they are highly interrelated.
For an appropriate discussion, all the results must be considered together. The samples
aged at 20 °C were used for setting a reference. In this way, it was possible to compare the
evolution of the samples aged at higher temperatures with these controls. As expected,
the ageing of these PLA 4043D samples at room temperature was consistent with those
in our previous study on a similar PLA, the 2003D. The trends in the evolution of the
properties remained similar: (1) the enthalpic relaxation (both temperature and enthalpy)
increased until stabilisation; (2) the enthalpic relaxation enthalpy continued to increase even
after the stabilisation of the glass transition; (3) the crystallisation and melting reactions
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remained unaltered; (4) the elastic modulus and yield strength evolved until they stabilised,
requiring times similar to the stabilisation of the glass transition. This similar evolution
trend was further proven by applying our proposed logistic fitting [17] to the mechanical
properties—elastic modulus and yield strength—and the fitting provided an excellent
description of the evolution of these two properties.

The logistic fittings in Figures 6 and 7, for both the tensile strength and the elastic
modulus, correspond with the following Equations (1) and (2):

62.7

oy(MPa) = G 13¢ 020 @)
1

o (MPa) = >0 )

"~ 1+40.13e—024t

where oy is the yield strength in MPa, E is the elastic modulus in GPa and t is the ageing
time in days. This confirms that our proposed logistic fittings correctly described the
evolution of the mechanical properties with the ageing at room temperature.

The samples aged at 39 °C showed almost stable properties after just one day of ageing,
indicating a significant improvement in the ageing rate, the B parameter on the logistic
fitting. The logistic fittings were calculated, and Equations (4) and (5) were obtained:

654
oy(MP) = 15 260 397 @)

3.41
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In comparing the parameters obtained in the logistic fittings on samples aged at 20
and 39 °C (Table 2), we observed not only that the ageing was accelerated (increase in B),
but also that it improved the value of the stable properties (increase in Se). This result
was again consistent with results in the literature, as it was at the limit of the maximum
temperature that can be used for accelerating the ageing, as explained beforehand, and it
was specifically chosen for this reason. Properties close to the stable ones were obtained
after just one day (ageing rates increased by, approximately, 1000 % regarding B values

calculated from fitting equations (Table 2)).

Table 2. Comparison of logistic fitting parameters for the yield strength and elastic modulus on
samples aged at 20 °C and 39 °C.

Yield Strength A B Seo
20 °C 0.13 0.20 62.7
39 °C 0.26 3.47 65.4
Variation 100% 1635% 4.7%
Elastic modulus A B Seo
20 °C 0.13 0.24 3.18
39 °C 0.28 2.34 3.41
Variation 115% 875% 7.6%

It is known, and was here observed, that the Tg increases with the ageing of samples
after printing. Thus, the maximum ageing temperature could be increased proportionally to
the increase in Tg, but fully optimising the accelerated ageing process was not the objective
of this work.

The evolution of the properties to higher S, values is explained as follows. The
macromolecules with a higher kinetic energy—higher ageing temperature—can surmount
higher energy barriers, reach more stable locations, and provide a stronger and more rigid
material as well as a higher Ty and enthalpic relaxation. This effect was referred to as
the summer effect, as samples which might be stable at ambient conditions, if not stored
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properly, could evolve to higher values due to summer temperatures. The summer effect
also applies for explaining the outstanding results obtained on samples aged at 42 °C,
in which even higher values were obtained on the DSC scans after just four days for the
thermal properties, reaching the Tg; 63.3 °C and its enthalpic relaxation 65.6 °C and 5.7 J/g
without any signal of degradation.

Samples aged at 51 °C did not evolve, as the temperature was over the Tg1, proving
the importance of studying aged materials. The samples, however, had a relatively high
Tg, as if they were aged. However, the enthalpic relaxation value was as it would be if the
material had been just printed, raising a contradiction for any direct relation between the
glass transition and the enthalpic relaxation: samples which are not aged regarding the
enthalpic relaxation might show Ty values similar to those of an aged material. This shows
that it is difficult, if not impossible, to correlate some of the thermal properties measured on
the PLA. For example, a Tg; of 60 °C, an average value of Tg found on aged PLA materials,
is not necessarily a sign of a high enthalpic relaxation enthalpy (the figure typically used in
the literature to indicate how aged the PLA is). However, some trends can be found and
modelled [17]. The desiccant remained stable during the first days of ageing, but, after
42 days, it turned into a blueish colour indicative of adsorbed humidity and highlighting a
potential hydrolytic degradation of the PLA, Figure 8. No significant signs of hydrolytic
degradation were found on the PLA aged at 51 °C on the DSC scans, except for a slight
decrease in the crystallisation temperature and an increase in the crystallisation enthalpy.
Concerning the mechanical tests, the material behaved mainly as the PLA 2 h aged at 20 °C
right after it was printed. The logistic fitting was not possible for these samples, as they did
not age at 51 °C. Linear fitting was used instead (y = mx + ¢), resulting in Equations (6) and (7).

oy(MPa) = —0.002¢ 4 55.5 (6)

E(GPa) = —0.0023t + 2.72 @)

where the meaning of m and x are the slope and the theoretical property at time zero,
respectively; oy is the yield strength in MPa; E is the elastic modulus in GPa; and t is the
ageing time in days. It was noticed that the elastic modulus had a slightly decreasing
negative slope in Equation (7); note that the relation of -0.0027 relative to 2.23 in Equation
(7) is an order of magnitude higher than —0.002 compared with 55.5 in Equation (6). This
could be associated with the loss of the flow-induced molecular orientation, which is a
known phenomenon that occurs when a polymer is extruded (Figure 9a), due to the shear
stress produced in the PLA-nozzle interface (Figure 9b,c) and mainly affects to the elastic
modulus [45-47]. This phenomenon is more noticeable for small extrusion shapes, such
as our filaments, which were in the range of 350 to 450 micrometres. There is almost no
literature on the effect of this phenomenon on printed polymers via FFF.

—

Figure 8. Desiccant control samples after 7, 24, and 42 days of ageing at 51 °C. (+) stands for the
positive reference with a desiccant at 0 days, and (—) stands for a negative reference with the desiccant
in direct contact with the air for some minutes.
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(a)

(b)

Melted PLA

Flow induced
molecular

orientation

Figure 9. Flow-induced molecular orientation: (a) printing process, (b) detail of the nozzle and
printed PLA, (c) detail of the shear forces between the nozzle and the PLA.

A decrease in the molecular weight—degradation—could also explain the slight
decrease in the elastic modulus due to the degradation of the material. This degradation is
especially important when the temperature increases over 50 degrees in a humid ambient
environment [48]. Although a low-humidity atmosphere was obtained with the different
barriers used during the ageing—the oil bath, the PP tube with desiccant, the vacuum
grease used in the joint, and the PET zip bag with even more desiccant inside—the desiccant
ended up turning blueish after 42 days at 51 °C. As a reference, the desiccant only remained
yellow for a few minutes if it was placed under ambient conditions, and if it was placed
inside our ageing device, it required some weeks (Figure 8).

Considering both the loss of flow-induced molecular orientation and the degradation
as the two possibilities for explaining the decreases in the elastic modulus, the PLA samples
were aged and tested at even higher temperatures for one day, forcing the mechanisms of
both the degradation and the loss of flow-induced molecular orientation. Note that the
influence of the crystallinity was discarded entirely, as the measured values were below 3%
for all the samples. Three higher temperatures were analysed: 65, 75, and 80 °C. Both the
75 and the 80 °C temperatures were discarded from the mechanical test, as we observed on
the DSC that they crystallised after one day of ageing (up to 28 % of crystallinity content
compared with the 2-3% crystallinity contents on the samples aged at lower temperatures),
introducing new variables to consider in the system but which are out of the scope of this
study. Nonetheless, the desiccant remained bright yellow, as the positive in Figure 9, after
one day of ageing at temperatures of 75 and 80 °C. After discarding the temperatures of 75
and 80 °C, the chosen temperature was 65 °C, which did not crystallise during the ageing.

The results from the PLA aged at 65 °C were insufficient to provide information to
support any of the mechanisms: (1) it had similar mechanical values to the 42-day-aged
PLA at 51 °C, and (2) the error bars of the measurements were within the error bars of
the reference samples. The DSC results showed that the material was slightly degraded
as both a decrease in the crystallisation temperature and an increase in the crystallisation
enthalpies -related to higher mobility of the polymeric chains were detected. After all, the
same analysis considering the error bars applies to the samples aged at 51 °C. The elastic
modulus decreased by 5-6 % considering the average values, but it is also true that the error
bars fell within the error bars of the reference sample. This makes it impossible to conclude
why the elastic modulus of the PLA aged at 51 °C decreased. However, the results provide
useful information: the degradation of the PLA and the loss of flow-induced mechanical
orientation are almost negligible for a sample aged for 42 days at 51 °C, thus making those
phenomena completely negligible for samples aged at 39 °C—potentially at 42 °C—for
some days.
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4. Conclusions

With all these data, we can ensure that accelerating the ageing rate of the PLA 4043D
at 39 °C for a few days in an oil-bath device is safe, that it effectively ages the PLA, and
that it will produce slightly higher properties than if it is slowly aged at room temperature.
Furthermore, more critically, no variables related to the 3D structure were mixed in the
discussion, making this a potentially essential reference for discussing the effect of heat
treatments on 3D-printed parts produced via FFF.

Summarising the results obtained, our answers to our initial research questions are:

e Questions 1 and 2:

It is safe to accelerate the ageing rate of the PLA at 39 °C for several weeks in our
proposed oil-bath ageing device, which aged the material properties close to the stable ones
after just one day, but some extra days are needed to fully reach stable properties

Any degradation of the PLA during the ageing for some days at 39 °C can be discarded
as it is hardly observable in a sample aged for 42 days at 51 °C.

The mechanical tests, combined with the DSC, were not suitable for decoupling the
potential degradation from the loss of flow-induced molecular orientation.

Potentially, higher temperatures could be used with the increase in T during the
ageing process to obtain faster ageing rates and higher properties due to the so-called
summer effect.

e  Question 3:

The main difference between the samples aged at 39 °C and those aged at 20 °C was
the higher stability of the material aged at 39 °C. This has been defined as the summer
effect, in which ageing at higher temperatures produces higher stabilisation properties (for
the tensile strength, elastic modulus, glass transition, and enthalpic relaxation) due to the
higher kinetic energy of the PLA macromolecules that can access more stable locations.

e  Question 4:

e  Two glass transitions (Tg; and Tgp) were found and characterised which had not
been previously described in the literature. For these two glass transitions to be
noticed, the printed PLA needed at least 2 h of ageing at 20 °C. This could induce
possible mistakes in selecting the ageing temperature, as the 51 °C (below Tg)
was found to be too high for ageing the material.

e  Samples aged at temperatures above Ty did not age as expected as they increased
their Ty values whilst remaining at a negligible enthalpic relaxation enthalpy.
This makes it impossible to correlate the Ty values with those of a material that is
or is not aged.

e  The PLA 2003D from our previous studies and the PLA 4043D studied here were
found to age similarly and to be relatively similar regarding their thermal and
mechanical properties.

This covers the objective of this research: understanding the effects of accelerating the
ageing rate on the PLA. We conclude that it can be safely done and that it is worth doing.
Future work should use these results to decrease the PLA’s ageing time, with reference to
the main difference between the samples aged at an accelerated rate and those studied until
now at a standard ageing rate discussed in our previous works. Some questions remain
open, such as how to properly decouple the effect of the loss of flow-induced molecular
orientation from the effects of the degradation. Furthermore, it would be interesting to
see to what extent the PLA properties could be increased by pushing the summer effect to
its limits.

Combined with our previous research examining the effects of freezing the PLA to
stop its ageing [23], researchers have the option to produce as many materials as they wish
in only one day and, under the same conditions, to freeze all the produced material. They
can then test the fully aged materials with just a few days of ageing at a higher temperature.
This research will provide the research community with data on how the FFF-printed
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material is affected by these thermal treatments decoupled from all the related structural
variables. We consider this a crucial step for properly understanding any 3D-printed
structure, though we are also aware of its limitations.

The limitations of this work are that every different geometry that is printed will un-
dergo a different thermal history (for example, a slower cooling rate if the PLA is deposited
over a still-hot PLA layer). This might affect the crystallinity contents of the material. This
variable was not considered in this study, as the crystallinity percentages were very low
and materials with higher contents (samples aged at 75 and 80 °C) were discarded.
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Abstract: There is a great need to develop biodegradable thermoplastics for a variety of applications
in a wide range of temperatures. In this work, we prepare polymer blends from polylactic acid (PLA)
and thermoplastic polyurethane (TPU) via a melting blend method at 200 °C and study the creep
deformation of the PLA/TPU blends in a temperature range of 10 to 40 °C with the focus on transient
and steady-state creep. The stress exponent for the power law description of the steady state creep of
PLA/TPU blends decreases linearly with the increase of the mass fraction of TPU from 1.73 for the
PLA to 1.17 for the TPU. The activation energies of the rate processes for the steady-state creep and
transient creep decrease linearly with the increase of the mass fraction of TPU from 97.7 £ 3.9 k] /mol
and 59.4 & 2.9 k] /mol for the PLA to 26.3 + 1.3 k] /mol and 25.4 & 1.7 k] /mol for the TPU, respectively.
These linearly decreasing trends can be attributed to the weak interaction between the PLA and the
TPU. The creep deformation of the PLA/TPU blends consists of the contributions of individual PLA
and TPU.
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1. Introduction

Polylactic acid (PLA), a thermoplastic aliphatic polyester, has been regarded as a
prospective and promising biodegradable material with the potential of replacing petro-
chemical plastics [1]. The biodegradable characteristics of PLA have attracted great interest
for a variety of potential applications. However, the applications of PLA are limited by its
brittleness, thermal stability, and impact resistance.

To increase the applications of PLA in a variety of fields, PLA-based composites and
PLA-polymer blends have been developed. For example, Matta et al. [2] used melt blending
to produce a biodegradable polymer blend consisting of PLA and polycaprolactone (PCL),
which possesses better impact strength and toughness than respective PLA and PCL. Ho
et al. [3] grafted PLA onto maleic-anhydride functionalized thermoplastic polyolefin elas-
tomer to form thermoplastic polyolefin elastomer-grafted polylactide, which improves the
toughness of PLA. Tokoro et al. [4] used three different bamboo fibers as PLA reinforcement
materials to form PLA /bamboo composites, which exhibited higher bending strength and
impact strength than PLA at room temperature.

Currently, most studies have been focused on tensile and impact deformation of
PLA-based composites and blends [5-9]. There are few studies on the creep deforma-
tion of PLA-based composites and blends. Yang et al. [10] examined the effect of short
bamboo fibers on the short-time creep of PLA-based composites and observed the in-
crease of creep resistance with the increase of the weight fraction of bamboo fibers up to
60%. Georgiopoulos et al. [11] assessed the short-time creep deformation of PLA/PBAT
(poly(butylene adipate-terephthalate)) blend reinforced with wood fibers and used Find-
ley’s and Burger’s models in the creep analysis. Morreale et al. [12] studied the tensile creep
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of PLA-based bio-composites and found a strong dependence of the creep deformation on
temperature and fabrics. Ye et al. [13] used a four-element Burger’s model in analyzing
the creep of PLA prepared by the fused-filament process and observed the effects of the
printing angle and stress. Waseem et al. [14] used the response surface methodology in
the tensile-creep analysis of the PLA produced by three-dimensional printing for additive
manufacturing. Guedes et al. [15] characterized the creep deformation and stress relaxation
of PLA/PCL fibers and used Burger’s model and the standard solid model in the analysis.
Niaza et al. [16] studied the long-term creep of PLA/HA (hydroxyapatite) composites and
found that PLA /HA scaffolds under mechanical loading up to 10 MPa did not change
shape and lose mechanical strength.

Thermoplastic polyurethane (TPU) has good elastic properties, transparency, and
wear resistance. TPU is also biocompatible and bio-stable and is a promising material
for a variety of implantable medical devices [17]. Blending TPU with PLA can alter the
brittle characteristic of PLA and increase the toughness of PLA [18] due to the good elastic
properties of TPU, while it is unclear if blending TPU with PLA can hinder or promote
the motion of polymer chains under constant loading. This work aims to study the creep
deformation of PLA/TPU blends. The effect of the mass ratio of PLA to TPU on the
activation energies of the creep deformation of the blends is assessed.

It should be noted that there are extensive studies on the creep deformation of a variety
of polymers, including polyurethanes [19,20]. The analysis has been based on the use of
dashpot-spring models in describing the creep curves. However, there are little studies on
the calculations of the activation energies of the rate processes for the creep deformation
of polymers.

2. Experimental Details

The PLA (4032D, Tg around 55-60 °C) and TPU (300-grade series, ester type) used
in this work were from Natureworks LLC (Minnetonka, MN, USA) and Bayer Co., Ltd.
(Leverkusen, Germany), respectively. The PLA was a semi-crystalline polymer with 98%
L-isomer and 2% D-isomer.

PLA/TPU blends were prepared with different mass ratios of PLA to TPU (30/70,
50/50, and 70/30) via a melting blend method at 200 °C. Briefly, the PLA and TPU mixture
of a preset mass ratio was dried in an oven at 80 °C for 4 h. The PLA /TPU mixture was
heated to 200 °C to a molten state, which was then injected into a mold at 2.94 MPa to form
a PLA/TPU plate. The plate was cooled down to 30 °C. Using laser cutting, specimens in a
dumbbell shape, as shown in Figure 1, were prepared. The specimens were mechanically
ground with CarbiMet papers of 400, 800, 1200, and 2500 grit, consecutively, and then
polished with 1 pm alumina slurry. The polished specimens were annealed in the air in
a furnace at 50 °C for 24 h to release the residual stresses introduced during the sample
preparation and then naturally cooled down to room temperature in the furnace.
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Figure 1. Schematic of the geometrical dimensions of specimens for creep tests.

Thermal analysis of the prepared PLA /TPU blends was performed in a temperature
range of —80 °C to 220 °C on a differential scan calorimeter (DSC) (Netzsch 200F3, Erich
NETZSCH GmbH & Co., Selb, Germany). Nitrogen gas was used during the DSC scan
to prevent the specimens from oxidation. The flow rate of nitrogen was 100 mL/min.
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Thermal cycling of the specimens of 8-10 mg in the mass loading was conducted with
the heating and cooling rates of 10 °C/min and 40 °C/min, respectively, and 10 min each
at 220 °C and —80 °C, respectively. The thermal cycling eliminated the thermal history
of the specimens. After the thermal cycling, the specimens were reheated to 220 °C at a
heating rate of 10 °C/min for thermal analysis. The glass transition temperatures, Tg, of
PLA, TPU, and PLA /TPU blends were determined to be the temperature at the midpoint
of the corresponding heat-capacity jump in the heat-flow vs temperature plots.

The creep tests of the PLA, TPU, and PLA/TPU blends were performed on a dynamic
mechanical analyzer (TA Q800 DMA, TA instrument, New Castle, DE, USA) in a temper-
ature range of 10 to 40 °C. Due to the limitation of the instrument and the differences
in the properties of the materials, the stresses applied to the PLA, TPU, and PLA/TPU
blends were different. Before the creep test, each specimen was maintained at the preset
temperature for 5 min to reach thermal equilibrium. The time for the creep tests was 40 min.
After the creep test, the crept specimen was maintained in a stress-free state for 40 min. The
strain was measured as a function of time during the test.

3. Results

Figure 2 shows the DSC curves of the PLA, TPU, and PLA/TPU blends. For the PLA
and TPU, the glass transition temperatures are 57.4 °C and —40.1 °C, respectively. For the
PLA/TPU blends, there are two glass transition temperatures presented in the DSC curves
with a weak one around —40 °C associated with the TPU glass transition temperature and
the other one around 57 °C associated with the PLA glass transition temperature. Such a
result suggests that PLA and TPU are thermodynamically immiscible, as supported by the
dual melting for the PLA [17] and PLA/TPU blends [21,22]. It is interesting to note that
the melting temperature of the PLA/TPU blends decreases with the increase of the mass
fraction of TPU, revealing the contribution of TPU.
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Figure 2. DSC curves of PLA, TPU, and PLA/TPU blends.

The dual melting behavior has been observed for many semi-crystalline polymers,
including poly(butylene terephthalate), poly(ethylene terephthalate), and poly(ether ke-
tone) [23-26]. The low-temperature endothermic peak represents partial melting of the
“original” crystal, and the high-temperature endothermic peak represents the melting of
“reorganized” crystals during the heating [27].
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According to Figure 2, there is no exotherm peak of cold crystallization for the TPU
in consistence with the amorphous structure of TPU. PLA is a semi-crystalline polymer
with a slow crystallization rate. The rapid quenching of PLA from 220 °C before the DSC
measurement does not allow the PLA to crystallize during cooling, i.e., the PLA polymer
chains do not have enough time to migrate to equilibrium positions. During the heating,
the polymer absorbs energy enabling the migration of polymer chains and leading to the
presence of an exothermic peak of cold crystallization around 110.3 °C for the PLA. The
exothermic peak of cold crystallization of the PLA /TPU blends decreases with the increase
of the TPU fraction, and no exothermic peak of cold crystallization is present for the TPU,
as expected.

Figure 3 and Figures S1-S5 in Supplementary Information present the creep curves
and recovery curves of the PLA, TPU, and PLA /TPU blends under different tensile stresses
at four temperatures of 10, 20, 30, and 40 °C. It is evident that the creep curves consist
of two states—a transient state and a steady state (secondary creep). There is a recovery
process after the complete removal of the stress/load for all the PLA, TPU, and PLA/TPU
blends. It should be noted that the creep deformation of all the PLA, TPU, and PLA/TPU
blends was confined to the secondary creep to avoid the presence of tertiary creep and the
failure /breakage of the specimens.
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Figure 3. Cont.
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Figure 3. Creep curves of the PLA /TPU blend with 70:30 for the mass ratio of PLA to TPU under
different tensile stresses at temperatures of (a) 10 °C, (b) 20 °C, (c) 30 °C, and (d) 40 °C.

4. Discussion

From Figure 3 and Figures S1-S5, we calculate the creep rate at the steady state.
Figure 4 shows the variation of the creep rate with the applied stress for the steady state
creep of the PLA, PLA /TPU blends, and TPU at different creep temperatures. The creep
rate at the steady state increases with the increases in temperature and applied stress,
as expected.

In general, the correlation between stress and creep rate at the steady-state creep can
be expressed as a power-law law as [28]

¢ = A" 1)

where ¢ is the creep rate, A is a pre-exponential constant, o is the applied stress, and n is the
stress exponent. Using Equation (1) to fit the experimental data in Figure 4, we obtain the
stress exponent n. For comparison, the fitting curves are included in Figure 4. It is evident
that Equation (1) describes well the correlation between the applied stress and the creep
rate at the steady-state creep and there is no statistical difference in the stress exponent for
the same material. Note that Equation (1) can be used to determine the activation energy
for the creep at different temperatures under the same stress/load. For polymer, however,
the creep deformation is better described by viscoelasticity as discussed below.

239



Polymers 2022, 14, 5276

T
40 °C |

FT ¥ T T . T i
| (a) v 40°C] -3.0f (b v
-3.0 A 30°C (b) A 30°C
I ® 20°C] o 20°CT
-3.5F ,‘T’/"_/’—V 5 10 °C] -3.5} "/’/V—/" = 10°C+
| o 1 | -—
_-40} A . -
Tl e Ta0r e ]
E-451 e 4 E A
oW I /.’//.’/’" ) -4.51 —4)//. 7
3-500 .~ . - ® -
o |  m— L .
T R
-5.51 . g -5.0f e " J
-6.0 L 55k i
-6. 1 " 1 1 1 1 1 1 n 1 L ol | 1 1 " 1 " 1 " 1 L 11
0.95 1.00 1.10 1.15 1.20 1.25 0.80 0.85 0.90 0.95 1.00 1.05
log(c) (MPa) log(o) (MPa)
-3.0 T T T T T T =30 T T T T T T T
© v 40°C 3ol @ v 40°C
i A 30°C " A 30°C
_ask —¥ e 20°C] -34} ® 20°C|
/ = 10°C = 10°C {
J— AR -3.61 //4 ]
.-.E -4.0+ — . J = -38} e -
£ ——— Eaof ]
—~ T —~ 1
p- o ¥_42l _— .
®-45 . g -3 -« | ]
2 —" 2 aaf o .
- ' /./
50| - 48[ i
[ o
-48}1 .
-5.5 el | SR (ST -5.0 ) | f . L L
0.55 0.60 075 080 085 090 0.2 0.3 04 0.5 0.6 0.7
log(c) (MPa) log(c) (MPa)

Figure 4. Stress dependence of the creep rate at the steady-state creep for different creep temperatures:
(a) PLA, (b) PLA/TPU blend with 70:30 in the ratio of PLA to TPU, (c) PLA/TPU blend with 50:50 in
the ratio of PLA to TPU and (d) PLA/TPU blend with 30:70 in the ratio of PLA to TPU.

Figure 5 displays the variation of the stress exponent with the mass fraction of TPU.

The stress exponent decreases linearly from 1.73 for the PLA to 1.17 for the TPU. Such

a trend suggests that increasing the fraction of TPU in the PLA/TPU blend reduces the

resistance to the motion of the polymer chains. According to the result in Figure 5, the

dependence of the stress exponent on the mass fraction of TPU in the PLA/TPU blend can
be expressed as

n =173 — 1.17mtpy/(mpLa + mTpy) 2)

where mpy 4 and mrpy are the masses of the PLA and TPU, respectively. Such a result is
consistent with that PLA and TPU are thermodynamically immiscible.

Figure 6 shows the schematic of Kelvin representation of the non-linear Burgers
model. Here, E; and E; are elastic constants of the corresponding spring elements, 11 is the
viscosity for nonlinear dashpot I, 1, is the viscosity of the linear dashpot II, 0, 05, and op
are the stresses acting on the corresponding elements, and ¢, €; and ¢, are the strain of the
corresponding elements. The spri