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Abstract: Nowadays, the demand for food packaging that maintains the safety and quality of products
has become one of the leading challenges. It can be solved by developing functional materials based
on biodegradable polymers, such as poly(lactic acid) (PLA). In order to develop PLA-based functional
materials with antibacterial activity, silver nanoparticles (AgNPs) were introduced. In the present
study, AgNPs stabilized by a copolymer of ethylene and maleic acid were used. Under the joint
action of shear deformations and high temperature, the biocomposites of PLA with poly(ethylene
glycol) and AgNPs were produced. Their mechanical and thermal characteristics, water absorption,
and structure were investigated using modern methods (DSC, FTIR, Raman spectroscopy, SEM). The
effect of AgNP concentration on the characteristics of PLA-based biocomposites was detected. Based
on the results of antibacterial activity tests (against Gram-positive and Gram-negative bacteria, along
with yeast) it is assumed that these systems have potential as materials for extending the storage of
food products. At the same time, PLA-PEG biocomposites with AgNPs possess biodegradability.

Keywords: poly(lactic acid) (PLA); silver nanoparticles (AgNPs); thermal properties; structure;
antibacterial activity

1. Introduction

For more than two decades now, there has been a growing interest in polymers ob-
tained from natural monomers due to their unique set of characteristics. In particular,
polyesters of hydroxycarboxylic acids are widely investigated in terms of the formation of
systems based on their application in different fields, such as packaging, medicine, agricul-
ture, the textile industry, etc., for example, [1-3]. Among polymers of this class, poly(lactic
acid) or polylactide (PLA) has proven itself as a polymer with properties close to synthetic
polymers, despite its relatively high cost and fragility, but at the same time possessing
biodegradability, for example, [4-6]. At present, PLA compositions with various polymers,
such as natural ones, namely, polysaccharides [7-10], as well as synthetic [11-14], are often
studied. However, of particular interest is research aimed at creating functional composi-
tions based on PLA. It should be noted that only in recent years the studies on developing
composites based on PLA with metal/metal oxide nanoparticles that have antimicrobial
properties have become relevant since there is a need not only to create biodegradable
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materials but also to extend the shelf life of food products. In particular, there are investiga-
tions devoted to the preparation of materials based on PLA with uniformly dispersed ZnO
nanoparticles by solvent volatilization [15]. It was shown that the introduction of nanopar-
ticles led to an increase in elastic modulus and elongation at the break while, at the same
time, a decrease in tensile strength. It is noted that this material inhibits microbial growth
on products; that is, the effectiveness of its use as packaging has been proven [15]. It was
shown in [16] that the addition of ZnO nanoparticles to PLA allows one to obtain materials
that can potentially be used in food packaging due to their improved thermomechanical,
UV protective, and antibacterial properties. The use of, for example, electrospinning also
makes it possible to obtain such materials with improved antimicrobial and mechanical
properties [17]. Vasile et al. [18] showed the possibility of obtaining new compositions of
PLA with ZnO, Cu, and Ag nanoparticles by the direct synthesis of nanoparticles during
mixing in the melt. The research on developing biodegradable materials based on poly-
lactide with graphene oxide and silver nanoparticles should be highlighted [19,20]: the
first component is added to improve mechanical characteristics, and the second to impart
antimicrobial properties. Liu and Chan et al. [21] obtained from the melt a mixture of
PLA with hydroxyapatite nanorods and silver nanoparticles; it was shown that a balance
was found between antimicrobial activity and cytocompatibility; a biomineralization test
showed the possibility of using such systems in bone engineering. Separately, a whole cycle
of studies of compositions based on polylactide with nanocellulose and silver nanoparticles
should be singled out [22-26]. However, the literature contains a limited number of studies
devoted specifically to systems based on PLA with silver nanoparticles. Thus, in [27], the
possibility of obtaining a sensor for detecting hydrogen peroxide based on polylactide
coated with silver nanoparticles was shown, obtained by the reduction of silver from
AgNO;3 in dichloromethane by adding Piper nigrum leaves containing alkaloids. These
systems can be used to determine even very low concentrations of hydrogen peroxide and
can be used in biological and environmental analysis. In [28], triacetate glycerol was used
as a plasticizer for polylactide, and a synergistic effect was revealed between silver nanopar-
ticles and a plasticizer during the crystallization of PLA. It is shown that these mixtures
have good mechanical, thermal, and optical properties. In this study, silver nanoparticles
stabilized by a copolymer of ethylene and maleic acid, obtained by the technique in [29],
were used. Biocomposites based on PLA plasticized with polyethylene glycol (PEG) were
obtained under conditions of high temperatures and shear deformations in the absence
of organic solvents. The aim of this study was to develop a biocomposite based on PLA
possessing antibacterial properties, along with biodegradability, in order to create systems
used as packaging materials, films, containers for storing and transporting food products,
for use in agriculture, etc.

2. Materials and Methods

Poly(ethylene-alt-maleic anhydride) (Monsanto, Creve Coeur, MO, USA) with an
average molecular weight M = 25,000 was used. The copolymer, before use, was hydrolyzed
to the corresponding copolymers of maleic acid (EM) by dissolving in deionized water,
followed by lyophilization (—55 °C, 0.05 mbar). The reagents NaBH, (Sigma-Aldrich,
Darmstadt, Germany), AgNO3, and NaOH (all of the analytical grade, “Reahim”, Moscow,
Russia) were used without purification.

In experiments, PLA 4043D (NatureWorks, USA) with T,, = 145-160 °C, density
1.24 g/cm?, and MFI of 6.0 g/10 min (210 °C under 2.16 kg loads), along with PEG (Sigma,
Germany) of different molecular weights (1000, 4000), were used.

2.1. Synthesis of Silver Nanoparticles

The silver hydrosol EM/Ag0 was prepared by borohydride reduction of silver salt in
the presence of EM, similar to [29]. Briefly, AgNOs, NaBHy, and polymer-stabilizer (EM)
were dissolved in deionized water separately. Aqueous solutions of EM were prepared
by weighing the solid copolymer, dissolving it in water at room temperature, and adding
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a 1M solution of NaOH for pH = 6 adjustment. The pH values were defined using a
Fisher Scientific 300,403.1 pH meter (USA). Then, these solutions were vigorously stirred
during and after (for 0.5 h) the addition of a 2-fold molar excess of aqueous NaBH,4 at room
temperature. Here, the molar concentration of EM refers to the monomeric maleic acid
units. The reaction mixture was allowed to stand (24 h, 200 °C). Dried sample EM/Ag0
was obtained after ultrafiltration (cutoff 3.5 kDa) and freeze-drying (—55 °C, 0.05 mbar).

2.2. Biocomposite Production

Initial components were mixed under the action of shear deformations and high
temperature in a twin-screw microextruder HAAKE Rheomex Minilab II (Thermo Scientific,
Waltham, MA, USA). First, PLA was melted, then PEG or PEG with silver nanoparticles
(AgNPs) was introduced into the PLA melt; the components were mixed at 170 °C for
10 min. The optimal rate of mixing was 50 rpm. After a lapse of time, the mixtures were
extruded through a flat slit.

2.3. Pressing and Mechanical Tests

In order to test the biocomposite properties, the films with a width of ~0.3 mm were
pressed on a Carver CH 4386.4010 (Wabash, IN, USA) laboratory press at 170 °C and
10 MPa for 10 min, followed by cooling under pressure at a rate of ~15 °C/min.

Mechanical tests of films were performed on an Instron-3365 (High Wycombe, UK)
universal testing machine in a stretching mode at a rate of the upper traverse movement
of 1 mm/min and at room temperature. Elastic modulus E, ultimate tensile stress o, and
relative elongation at break ¢, were calculated from the stress (¢)—strain (¢) diagrams. The
results for 67 samples were averaged. The error of E and ¢}, did not exceed 10%, and the
error of g, was 5%.

2.4. Water Absorption

The water absorption test is based on an ASTM D570 standard [ASTM. Available
online: https://www.astm.org/standards/d570 (accessed on 25 August 2024)]. In our case,
the film samples of width ~0.3 mm were placed in distilled water and kept in a thermostat
at room temperature for some period of time. The samples were weighed at certain time
intervals.

2.5. SEM Analysis

The samples were cut as 5 X 5 mm sheets and placed onto electro-conductive carbon
tape adhered to the SEM sample holder. The samples for cross-section imaging were
obtained by liquid nitrogen cooling, followed by the brittle fracture of the samples. A gold
layer of 10 nm thickness was deposited on the sample surface inside spatter coater Q 150R
ES (Quorum, Barcelona, Spain), followed by sample loading inside a chamber of a Prisma
E (Thermo Fisher Scientific, Waltham, MA, USA) scanning electron microscope. SEM
imaging was performed in secondary electron mode at low voltage settings (0.5-1.5 kV) to
demonstrate the surface features of each sample.

2.6. Spectral Analysis

The samples were characterized in terms of absorption and vibration spectroscopy.
Absorption spectra of AgNPs were measured by the spectrophotometer Shimadzu UV-3600
(Shimadzu, Tokyo, Japan). Raman spectra were collected by the microscopy module of
an FRCCP RAS laser setup: the laser irradiation was focused by a Mitutoyo (Mitutoyo,
Kawasaki city, Japan) objective with NA = 0.42, and the scattered light was filtered (LP03-
458RU-25, Semrock, Rochester, NY, USA) and registered by CCD (Andor Newton 920,
Oxford Instruments, Oxford, UK). The excitation wavelength was chosen to be at 457 nm
(CNI, Changchun, China), close to the absorption band of AgNP. FTIR measurements were
made using a LUMOS-II (Bruker, Berlin, Germany) spectrometer in ATR mode. Both Raman
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and FTIR spectra were collected from multiple parts to deal with sample heterogeneity on
the micro scale.

2.7. DSC Analysis

The thermophysical characteristics of PLA-based samples were studied using the
DSC method on a DSC-204 F1 calorimeter (NETZSCH-Gerdtebau GmbH, Selb, Bavaria,
Germany) at a heating rate of 10 K/min in an inert atmosphere of Ar in the temperature
range of 20-200 °C.

Typically, in DSC studies of polymers, it is customary to use a repeating heating—cooling
mode to remove the “prehistory” of their formation. In this work, DSC studies were carried
out in a single-step mode without reheating since we intended to characterize the primary
morphology of the PLA samples, not “erase their thermal memory” or “thermodynamically
balance” their original structure [30].

The degree of crystallinity of PLA samples, x%, was calculated by the equation

_ AHy — AHg

=_—"_ " % 100%
AHIO0(1 — ) °

X

where AH,,—enthalpy of melting, AH,.—enthalpy of crystallization (enthalpy of “cold”
crystallization not observed in our case), x—mass fraction of PEG, and AH},ZOO—the theoret-
ical value of the 100% crystalline poly(L-lactide) melting enthalpy (93.6 J/g) [31].

By analogy with PLA, the degree of crystallinity of PLA samples, x%, was calculated

by the equation

AHy,
X = i * 100%

where AHY is the melting enthalpy of 100% crystalline PEG (213.0 J/g) [32].

2.8. Test of Antibacterial Activity

The different types of microorganisms were used to carry out the test of antibacterial
activity (Table 1). B. subtilis, E. coli, and M. luteus were grown on the following medium:
aminopeptide 60 mL; trypton 5.0 g; yeast extract 1.0 g; soybean extract 30 mL; bacto-agar
15.0 g; final pH 7.2. G. auringiensis was grown on malt extract medium containing the
following (g/L): malt extract 12.75; dextrin 2.75; glycerol 2.35; gelatin peptone 0.78; bacto-
agar 15; final pH 5.4. C. sporogenes was cultivated anaerobically under 100% nitrogen
atmosphere on a medium containing the following (g/L): trypticase 5.0; peptone 5.0; yeast
extract 10.0; salt solution 40.0 mL; Na-resazurin (0.1% w/v) 0.5 mL; L-cysteine-HCI 0.5;
NayCOj3 2.5; D-glucose 5.0; bacto-agar 15.0. The salt solution contained the following (g/L):
CaCl, x 2H,0, 0.25; MgSO, x 7H,0 0.5; KHPO4 1.0; KH,PO4 1.0; NaHCO; 10.0; and
NaCl 2.0.

Table 1. Microorganisms used in antibacterial activity test.

Microorganism Type of Microorganism
Bacillus subtilis VKM B-501 Gram-positive obligate aerobic bacterium
Escherichia coli VKM B-3674 Gram-negative facultative anaerobic bacterium
Micrococcus luteus VKM Ac-2230 Gram-positive obligate aerobic bacterium
Clostridium sporogenes VKM B-2623 Gram-positive obligate anaerobic bacterium
Groenewaldozyma auringiensis VKM Y-2623 Facultative anaerobic yeast

Microorganisms were applied to the surface of the solid medium in the amount of
10'° CFU. Then, film samples with a size of approximately 0.5 x 0.5 cm, pre-treated in 70%
ethanol, and washed with sterile distilled water were placed on the surface of the agar.
Cultivation was carried out at 30 °C for 120 h in two replicates. B. subtilis, E. coli, M. luteus,
and G. auringiensis were cultivated aerobically, but C. sporogenes was grown in an anaerobic
jar under a 100% nitrogen atmosphere. The inhibitory capacity of the film samples was
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assessed by the presence of bacterial and yeast growth around film samples and under the
one. The photos were taken using a standard photo camera.

2.9. Biodegradability

The biodegradability of biocomposites was studied by imitating the environmental
conditions according to a technique based on an ASTM D5988-12 standard. For this aim, the
samples under investigation were placed into a container with wet soil (pH 6-7) designated
for plant growth (OOO “Russkaya Torfyanaya Kompaniya”). The soil composition was as
follows: high-moor peat, agroperlite, biohumus, dolomite dust, complex liquid fertilizer,
and natural zeolite. Containers were incubated at room temperature for several months.
The biodegradation rate was estimated by the mass loss of samples determined at certain
time periods.

3. Results and Discussion
3.1. PLA-Based Biocomposites

In order to synthesize AgNPs, we used a simple method for the production of stable
silver hydrosols based on the reduction of metal-precursor ions in the presence of maleic
acid (anhydride) copolymer with NaBH in aqueous solutions at room temperature. The
main advantages of maleic acid (anhydride) copolymers and, in particular, copolymer
poly(ethylene-alt-maleic acid (anhydride)) are a regular structure of polymeric chain (strict
alternation of comonomer units), commercial availability, and solubility in water. This
copolymer has been successfully used to stabilize the nanoparticles of a number of noble
metals and metal oxides [33,34]. According to the synthesis technique, a golden-brown
powder of stabilized AgNPs was obtained. Figure 1 illustrates the SEM micrograph of
dried AgNP powder: the shape of the nanoparticles is close to spherical, and the size is
about 40-60 nm.

Figure 1. SEM micrograph of AgNP powder.

PLA-based biocomposites with and without AgNPs were obtained in a twin-screw
microextruder under the joint action of shear deformation and high temperature. First, PLA
granules were loaded into an extruder to obtain the polymer melt, and then PEG or PEG
mixed with AgNPs was introduced into the PLA melt. The PLA content was varied from
80 to 90 wt%, PEG from 10 to 20 wt%, and AgNPs from 0.01 to 0.5 wt% by the PLA-PEG
biocomposite weight. In order to explore the properties of the final biocomposites, the films
were pressed.

3.2. Mechanical Characteristics, Water Absorption, and Structural Features

In order to affect the mechanical properties of PLA, the plasticizer, PEG, of different
molecular weights was introduced. The characteristics of the binary compositions were
lower than those for pure PLA, and PEG sweats out in time [6]. The mechanical characteris-
tics of the PLA-PEG biocomposites with AgNPs are presented in Table 2. As was expected,
these data are characteristic of glassy polymers with low elongation at break. It can be seen
from the table that the rise in AgNP content from 0.01 to 0.5 wt% led to a substantial rise in
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elastic modulus and tensile strength, as well as an insignificant increase in elongation at
break. At maximal AgNP concentration, the characteristics are comparable to those of neat
PLA, for example, [35].

Table 2. Mechanical characteristics of the PLA-PEGyqpp + AgNPs biocomposites. The PLA to PEGyqgg
ratio was 90:10 wt%.

AgNP Content, wt% E, MPa oy, MPa &p, %o
0.01 2130 19.8 1.5
0.03 2370 31.7 2
0.5 3050 32.0 3

Figure 2 illustrates the stress—strain diagrams for the PLA-PEGyop + AgNPs biocom-
posites at different content of AgNPs. As is seen, only at 0.5 wt% content of AgNPs does
the neck begin to form at 2% elongation on the deformation curve, which is characteristic
of initial PLA. The further deformation of the sample led to a change in the section of
initial and narrowed zones; the neck is spread over the biocomposite sample. Thus, the
introduction of AgNPs leads to a rise in mechanical characteristics.

0, (MPa)

40

30

20

1 2 3 &, (%)

Figure 2. Stress—strain diagrams of PLA-PEGyqyy biocomposites with AgNPs (wt%): 0.01 (1), 0.03 (2),
0.5 (3).

Since water absorption is an indirect factor of biodegradability and due to the presence
of water-soluble plasticizer in the biocomposites, this parameter was evaluated according to
an international standard. Figure 3 illustrates the characteristic curves of water absorption
for PLA-based biocomposites, both with AgNPs and without them. As was expected, the
PLA-PEGjg (80:20 wt%) films with maximal content of plasticizer began falling apart in
the first 24 h, then it decomposed (there was no possibility to collect the pieces) completely
in nine days. This is connected with the fact that the higher the PEG content, the more loose
the biocomposite structure. Therefore, the optimal PEG content was chosen at 10 wt%. The
maximal water absorption for the biocomposites, both with AgNPs and without them, was
achieved after 9-15 days of the test, then the factor achieved a plateau, and there was no
further rise in this factor. The maximum water absorption was observed for the system
with the minimal AgNP content.
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Figure 3. Water absorption curves for PLA-based biocomposites (wt%): PLA-PEGyqp (90:10) (1),
PLA—PEGlOQO (8020) (2), PLA—PEG4000 + AgNPS (9010 + 001) (3), PLA—PEGlOOO + AgNPS
(90:10 + 0.1) (4), PLA-PEGuyqg + AgNPs (90:10 + 0.2) (5).

The surface morphology of the samples after water absorption was also investigated
with the use of the SEM method since the plasticizer was washing out (Figure 4). The
samples were dried before the test, and then the optimal conditions of imaging were
selected. Independently on the AgNP concentration, the micrographs are characterized by
similar surface morphology. However, it should be noted that only the system with 0.2 wt%
of AgNPs had surface cracks with an insignificant depth and a 5-15 pm length (Figure 4b).

Figure 4. SEM micrographs of the sample surface (a,b) and cross-sections (c,d) after tests of water ab-
sorption at different concentrations of AgNPs (x5000): PLA-PEGyggo + AgNPs (90:10 + 0.1 wt%) (a,c);
PLA-PEGypg9 + AgNPs (90:10 + 0.2 wt%) (b,d). Images are presented at different magnification:
5000 (a,b); 2500 (c,d).
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The analysis of the cross-sections of the samples after water absorption did not illus-
trate any substantial deterioration of the films; however, there was no sign of nanoparticle
agglomeration (Figure 4c,d). However, after exposure to water, the films are defective, in
contrast with the initial films, the surface SEM images of which are presented in Figure 5.

(a) (b)

Figure 5. SEM micrographs of the sample surface at different AgNP concentrations (x350):
PLA-PEGyq0 + AgNPs (90:10 + 0.2 wt%) (a); PLA-PEGy000 + AgNPs (90:10 + 0.5 wt%) (b).

The comparison of the surface micrographs of the initial films at different concentra-
tions of the AgNPs showed that the nanoparticles are visualized both on the surface and in
the bulk of the biocomposite. It is evident that the nanoparticles are uniformly distributed
in the PLA matrix (Figure 5). Thus, the mixing of the biocomposites under the action of
shear deformations did not result in substantial agglomeration of AgNPs.

3.3. Spectral Analysis

The powder of AgNPs was dissolved in deionized water, and then the solution was
subjected to intense ultrasound for 30 min to reduce the fraction of aggregates, followed by
centrifugation at 14,000 rpm for 30 min. The absorption spectrum of the resulting solution
in the range of 300-700 nm is shown in Figure 6. Spherical AgNPs (which are known to
have a peak position at 420 nm in water) dominate the colloid, though the plateau of the
absorption band indicates a possible residual contribution from aggregates.

25

20

Absorption
T

=3

0.0 1 1 1 1 1 1 1 1
350 400 450 500 550 600 650 700

Wavelength (nm)
Figure 6. Absorption of AgNPs. Photo: colloid.

The average Raman spectra of the samples with two different fractions of AgNPs are
shown in Figure 7. Data averaging was performed over a large sample area, and several
hundred spectra were collected. As can be seen from Figure 7, the intensity increase of the
Raman bands follows the fraction of AgNPs, which can be explained by the SERS effect
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of AgNPs showing the polymer composition at a nano scale. The average enhancement
factor of a single AgNP is reversely proportional to the fraction of AgNPs, and it can be
assessed as ~1000. In contrast, AgNPs cannot contribute to signal enhancement in FTIR
measurements (Figure 8). Both vibrational bands of Raman and FTIR spectroscopy give
spectra that are similar in structure in terms of the main vibrational bands. The FTIR spectra
normalized by the main band of 1100 cm ™! are shown for different fractions (0.02, 0.1, 0.2%)
of AgNPs in Figure 8. It can be seen from the figure that the fraction increase affects the
C=0 band (~1780 cm™!) of carboxylic acids several times. Thus, both Raman and FTIR
show sensitivity to the effect of AgNP concentration in polymer films.

I (arb.un.)
>
T

N
o
T

0 1 1
900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Wavenumber (cm™")

Figure 7. Raman spectra: PLA-PEGyg0p + AgNPs (90:10 + 0.02 wt%) (1); PLA-PEGgg00 + AgNPs
(90:10 + 0.2 wt%) (2).
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Figure 8. FTIR spectra: PLA-PEGqggg + AgNPs (90:10 + 0.1 wt%) (1); PLA-PEGyggp + AgNPs (90:10 +
0.02 wt%) (2); PLA-PEGaq00 + AgNPs (90:10 + 0.2 wt%) (3).

3.4. Differential Scanning Calorimetry

Figure 9 shows DSC thermograms of PLA, PEG, PLA-PEGyggo (90:10 wt%), and
PLA-PEGygg0 + AgNPs (90:10 + 0.2 wt%) samples obtained in heating and cooling modes.
The DSC parameters include the following: glass transition temperature T, peak tempera-
ture of enthalpy relaxation T, crystallization temperature T, (cooling), melting temperature
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Ty, characteristic enthalpies of crystallization AH,, (cooling, based on PEG mass fraction of
0.1) and melting AH,;,, and degree of crystallization ()); these are summarized in Table 3.

B : 2
g 2 I i I
I E s i
= :; g
4
18 + pul 3
3 ! R
N S = 1|~
60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Temperature (°C)
Temperature (°C)
(a) (b)
Figure 9. DSC heat flow curves of heating (a) and cooling (b) for PEGy4gng (1), PLA (2), PLA-PEGygqo
(90:10 wt%) (3), PLA-PEGyq0p + AgNPs (90:10 + 0.2 wt%) (4).
Table 3. DSC parameters of thermal transitions observed in PLA, PEG, PLA-PEGyqg (90:10 wt%),
and PLA-PEGygq0 + AgNPs (90:10 wt% + 0.2 wt%).
o o T, °C Tey, °C Ter, °C Twm,°C o
Sample T,, °C T,,°C PEG PEG PLA PLA AH, )Ig AH,, JIg X, %
. —17.5
PLA heating 63.7 65.1 - - - 162.0 - PLA 18.8
cooling 57.0 - - - - - - -
. —2124
PEG heating 63.9 - - - - PEG 99.7
cooling - - 32.7/284 1P7]§G1
. —42.1
PLA-PEGy000 heating 50.8 - - - - 160.2 - PLA 45.0
(90:10 wt%) 33.2
cooling - - - 82.6 PLA
PLA-PEGy + AgNPs heating 51.9 - 59.8 - - 1123 (:))’1 - ;iZAAl 453
(90:10 wt% + 0.2 wt%) - 31
cooling - - - 83.9 PLA

* refer to the o-limit disordered (hexagonal) crystalline forms of PLA.

Small “relaxation” effects in PLA and PLA-PEGygop + AgNPs (90:10 + 0.2 wt%) samples
illustrated by endothermic heat capacity peaks (T;) can be seen at temperatures above the
T, (Figure 9a). These peaks characterize the phenomenon of enthalpy relaxation, which
is associated with the mobility and the recovery of PLA chains to their thermodynamic
equilibrium status at a temperature above Ty.

Analysis of DSC data showed that the degree of crystallinity of PLA increases more
than twice in the presence of a PEG plasticizer (Table 3). The addition of AgNPs in the
composition with PLA-PEGygg results in the formation of low-temperature disordered
(hexagonal) crystalline forms of PLA with a melting temperature of 148.1 °C due to the
nucleation effect of AgNPs (Figure 9a). The DSC results clearly demonstrate that Ag-
NPs and PEG can act as high-efficiency nucleating agents and plasticizers. This fact is
especially clearly manifested in the cooling curves of the PLA-PEGygp (90:10 wt%) and
PLA-PEGygg0 + AgNPs (90:10 + 0.2 wt%) samples, in contrast to the pristine PLA sample
(Figure 9b). These DSC curves clearly show the exothermic process of PLA crystallization
upon cooling (T, = 82.6 and 83.9 °C, AH, = 33.2 and 33.1 ] /g for PLA-PEGyggg (90:10 wt%)
and PLA-PEGyggp + AgNPs (90:10 + 0.2 wt%) samples, respectively).
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3.5. Antibacterial Activity and Biodegradability

It should be noted that the individual components, namely PLA and PEG, do not
inhibit microorganism growth, which is repeatedly demonstrated in previous investigations,
for example, [36-38]. In terms of biocomposite films, the zones of clearing around them
were not observed with any microorganisms, which probably means that the components of
the films do not migrate into the environment. However, the zones of clearing were under
the films, where the surface contact with the medium was greater (Figure 10). There was no
growth of G. auringiensis, M. luteus, or B. subtilis under the film samples, which indicates a
complete inhibitory effect for these microorganisms. In the case of E. coli, weak growth was
observed only under the PLA-PEGygg + AgNPs (90:10 + 0.1 wt%) film, probably due to
the insufficient antimicrobial activity of the sample components. With other film samples,
the growth of E. coli was absent. The weak growth of C. sporogenes was observed with all
film samples (Table 4, Figure 10). This is probably due to the fact that Clostridia exhibit
two mechanisms for tolerance of heavy metals, including reductive precipitation and the
formation of heavy metal-protein complexes [39,40]. The results of the experiment are
presented in Table 4.

® ()

Figure 10. Photos of PLA-PEG + AgNPs films in media with different bacteria. PEGyggp (a—d);
PEGyqgp (e-h). AgNP concentration (wt%): 0.1 (a,b,e,f); 0.5 (c,d,g/h). E. coli (a,g), B. subtilis (b,c,f),
M. luteus (d,h), C. sporogenes (e).
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Table 4. Growth of test cultures under the film samples.
Sample G. auringiensis E. coli M. luteus B. subtilis C. sporogenes
B 90:10 wt% + 0.1 wt% no growth weak growth no growth no growth weak growth
PLA-PEG1o0 + AgNPs 90:10 wt% + 0.5 wt% no growth no growth no growth no growth weak growth
B 90:10 wt% + 0.1 wt% no growth no growth no growth no growth weak growth
PLA-PEGyo00 + AgNPs 90:10 wt% + 0.5 wt% no growth no growth no growth no growth weak growth

In order to evaluate the possibility of biodegradation for the PLA-based biocompos-
ites under investigation, the tests on biodegradability were carried out under conditions
imitating nature (joint action of soil microorganisms, water, sunlight). Figure 11 illustrates
the mass loss curves with the corresponding photos of the samples without and with
AgNPs before and after the test. The most pronounced decrease in mass for all systems was
observed in the first month, which is caused, to some extent, by the washing out of PEG.
As is seen from the figure, in the case of plasticized PLA without AgNPs, the mass loss did
not exceed 5%. The only change detected was the slight bending of the film after exposure
to soil. In turn, the introduction of AgNPs led to some intensification of the mass loss. The
maximal loss (about 10%) was detected for the PLA-PEGypp9 + AgNPs (90:10 + 0.5 wt%)
biocomposite after 4 months. The very beginning of the investigation of biocomposite
biodegradability showed the principal potential for the possibility of degrading under
environmental conditions.

Mass (rel. un.) —--1

-2
-3

1

0.95

|
e Ny P,

0.9

0.85

0 30 60 90 120 150
Time (days)
Figure 11. Mass loss curves of biocomposites after exposure in soil: PLA-PEGyggo (90:10 wt%) (1);
PLA-PEGygpp + AgNPs (90:10 + 0.1 wt%) (2); PLA-PEGyggp + AgNPs (90:10 + 0.5 wt%) (3). Photos of
films before (left column) and after (right column) test in the same order as curves.

4. Conclusions

In order to meet modern demands for developing functional materials based on poly-
mers applied in food packaging and storage, PLA-based biocomposites with PEG and
AgNPs were produced. Using an ethylene copolymer of maleic acid, stabilized AgNPs
were obtained with a spherical shape and a size of 40-60 nm. Under the joint action of
shear deformation and high temperature, the biocomposites of PLA with PEG and AgNPs
at different component ratios were obtained in a twin-screw microextruder, and then the
films were pressed. The effect of AgNPs on mechanical characteristics showed that the
rise in AgNP content led to a rise in elastic modulus, tensile strength, and elongation at
breakup compared to those for neat PLA. The presence of water-soluble PEG affected
the water absorption ability (indirect characteristic of biodegradability): the higher the
PEG content, the greater the index. The investigation of the biocomposite morphology
using an SEM method allowed for assessing the uniform distribution of AgNPs in the
biocomposite. Despite the low concentration of AgNPs in the PLA-PEG biocomposites,
both Raman and FTIR showed sensitivity to the effect of AgNP concentration. According
to the results of the DSC method, AgNPs and PEG can act as high-efficiency nucleating
agents and plasticizers. This fact is especially clearly manifested in the cooling curves of
the PLA-PEGyqgg (90:10 wt%) and PLA-PEGyp9 + AgNPs (90:10 + 0.2 wt%) biocomposites.
During the investigation of antibacterial activity, the Gram-positive (B. subtilis, M. luteus,
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C. sporogenes) and Gram-negative (E. coli) bacteria, along with yeast (G. auringiensis), were
used. It was found that these biocomposites inhibit microbial growth. At the same time,
tests on biodegradability showed the principal possibility of subjecting them to biodegrada-
tion under natural conditions. However, this aspect requires further detailed investigation
using more specific approaches (compost, UV-irradiation). Thus, the PLA-PEG + AgNPs
biocomposites can be promising materials used not only for packaging and storage of food
products but also in agriculture and medicine.

Author Contributions: Conceptualization, K.V.A. and R.S.S; validation, K.V.A,, R.S.S. and AM.S;
formal analysis, A.V.A. and S.M.L,; investigation, R.S.S.,, N.A.S.,, VAN., AMS,, AVA, OPK,SM.L.
and Y.V.R; resources, K.V.A,, N.A.S. and Y.V.R,; writing—original draft preparation, K.V.A., O.PK.
and S.M.L.; writing—review and editing, K.V.A., AM.S. and S.M.L,; visualization, R.S.S., AM.S.,
A.V.A. and S.M.L,; supervision, K.V.A.; project administration, K.V.A. and R.S.S.; funding acquisition,
K.V.A. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation, project no. 23-73-00076.
Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Acknowledgments: SEM and spectral analysis were performed in the FRCCP shared research
facilities No. 506694 and large-scale research facilities No. 1440743.

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

References

1.  Savioli Lopes, M.; Jardini, A.L.; Maciel Filho, R. Poly(lactic acid) production for tissue engineering. Procedia Eng. 2012, 42,
1402-1413. [CrossRef]

2. Taib, N.A.A.B.; Rahman, M.R.; Huda, D.; Kuok, K.K.; Hamdan, S.; Khusairy Bin Bakri, M.; Mirza Bin Julaihi, M.R.; Khan, A. A
review on poly lactic acid (PLA) as a biodegradable polymer. Polym. Bull. 2023, 80, 1179-1213. [CrossRef]

3.  Diniz, M.S.d.F,; Mourao, M.M.; Xavier, L.P.; Santos, A.V. Recent biotechnological applications of polyhydroxyalkanoates (PHA) in
the biomedical sector—A review. Polymers 2023, 15, 4405. [CrossRef]

4. Vayshbeyn, L.I,; Mastalygina, E.E.; Olkhov, A.A.; Podzorova, M.V. Poly(lactic acid)-based blends: A comprehensive review.
Polymers 2023, 13, 5148. [CrossRef]

5. Ren, ]. Biodegradable Poly(lactioc acid): Synthesis, Modification, Processing and Applications, 1st ed.; Springer: Heidelberg/Berlin,
Germany, 2010. [CrossRef]

6. Mastalygina, E.E.; Aleksanyan, K.V. Recent approaches to the plasticization of poly(lactic acid) (PLA) (A review). Polymers 2024,
16, 87. [CrossRef]

7. Kulkarni, A.; Narayan, R. Effects of modified thermoplastic starch on crystallization kinetics and barrier properties of PLA.
Polymers 2021, 13, 4125. [CrossRef]

8. Rogovina, S.Z.; Aleksanyan, K.V,; Grachev, A.V,; Berlin, A.A.; Prut, E.V. Investigation of mechanical and thermophysical properties
of biodegradable compositions of polylactide with ethyl cellulose and chitosan containing poly(ethylene glycol). Mendeleev
Commun. 2015, 25, 361-363. [CrossRef]

9.  Kozlowski, M.; Masirek, R.; Piorkowska, E.; Gazicki-Lipman, M. Biodegradable blends of poly(L-lactide) and starch. J. Appl.
Polym. Sci. 2007, 105, 269-277. [CrossRef]

10. Rogovina, S.Z.; Prut, E.V.; Aleksanyan, K.V.; Krasheninnikov, V.G.; Perepelitsina, E.O.; Shashkin, D.P.; Berlin, A.A. Composites
Based on Starch and Polylactide. Polym. Sci. Ser. B 2019, 61, 226-232. [CrossRef]

11. Rogovina, S.Z.; Prut, E.V,; Aleksanyan, K.V.; Krasheninnikov, V.G.; Perepelitsina, E.O.; Shashkin, D.P,; Ivanushkina, N.E.; Berlin,
A.A. Production and investigation of structure and properties of polyethylene—polylactide composites. J. Appl. Polym. Sci. 2019,
136, 47598. [CrossRef]

12. Medjdoub, N.; Guessoum, M.; Fois, M. Viscoelastic, thermal and environmental characteristics of poly(lactic acid), linear low-
density polyethylene and low-density polyethylene ternary blends and composites. J. Adhes. Sci. Technol. 2017, 3, 787-805.
[CrossRef]

13.  Gere, D.; Czigany, T. Future trends of plastic bottle recycling: Compatibilization of PET and PLA. Polym. Test. 2020, 81, 106160.
[CrossRef]

14. Wang, M.; He, C.; Yang, X.; Duan, G.; Wang, W. Preparation and properties of PLA/PBAT composites modified with different

filler particles. Mater. Lett. 2024, 372, 136960. [CrossRef]


https://doi.org/10.1016/j.proeng.2012.07.534
https://doi.org/10.1007/s00289-022-04160-y
https://doi.org/10.3390/polym15224405
https://doi.org/10.3390/app13085148
https://doi.org/10.1007/978-3-642-17596-1_2
https://doi.org/10.3390/polym16010087
https://doi.org/10.3390/polym13234125
https://doi.org/10.1016/j.mencom.2015.09.015
https://doi.org/10.1002/app.26088
https://doi.org/10.1134/S1560090419030114
https://doi.org/10.1002/app.47598
https://doi.org/10.1080/01694243.2016.1232547
https://doi.org/10.1016/j.polymertesting.2019.106160
https://doi.org/10.1016/j.matlet.2024.136960

Polymers 2024, 16, 2758 14 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Li, W,; Li, L,; Cao, Y,; Lan, T.; Chen, H.; Qin, Y. Effects of PLA film incorporated with ZnO nanoparticle on the quality attributes of
fresh-cut apple. Nanomaterials 2017, 7, 207. [CrossRef]

Arfat, Y.A.; Ahmed, J.; Al Hazza, A.; Jacob, H.; Joseph, A. Comparative effects of untreated and 3-methacryloxypropyltrimethoxysilane
treated ZnO nanoparticle reinforcement on properties of polylactide-based nanocomposite films. Int. J. Biol. Macromol. 2017, 101,
1041-1050. [CrossRef]

Rodrigues-Tobias, H.; Morales, G.; Grande, D. Improvement of mechanical properties and antibacterial of electrospun poly(D,L-
lactide)-based mats by incorporation of ZnO-graft-poly(D,L-lactide) nanoparticles. Mater. Chem. Phys. 2016, 182, 324-331.
[CrossRef]

Vasile, C.; Rapa, M.; Stefan, M.; Stan, M.; Macavei, S.; Darie-Nita, R.N.; Barbu-Tudoran, L.; Vodnar, D.C.; Popa, E.E.; Stefan, R,;
et al. New PLA /ZnO:Cu/Ag bionanocomposites for food packaging. Express Polym. Lett. 2017, 11, 531-544. [CrossRef]

Liu, C.; Shen, J.; Yeung, KW.XK.; Tjong, S.C. Development and antibacterial performance of novel polylactic acid-graphene
oxide-silver nanoparticle hybrid nanocomposite mats prepared by electrospinning. ACS Biomater. Sci. Eng. 2017, 3, 471-486.
[CrossRef]

Chartarrayawadee, W.; Too, C.O.; Ross, S.; Ross, G.M.; Hongsith, N.; Ratchawet, A. The role of stearic acid for silver nanoparticle
formation on graphene and its composite with poly(lactic acid). Polym. Bull. 2018, 75, 3171-3187. [CrossRef]

Liu, C.; Chan, KW.,; Shen, J.; Wong, HM.; Yeung, KW.K,; Tjong, S.C. Melt-compounded polylactic acid composite hybrids with
hydroxyapatite nanorods and silver nanoparticles: Biodegradation, antibacterial ability, bioactivity and cytotoxicity. RSC Adv.
2015, 5, 72288-72299. [CrossRef]

Fortunati, E.; Armentano, I.; Iannoni, A.; Kenny, ]. M. Development and thermal behavior of ternary PLA matrix composites.
Polym. Degrad. Stab. 2010, 95, 2200-2206. [CrossRef]

Yu, H.-Y; Yang, X.-Y.; Lu, E-EF; Chen, G.-Y.; Yao, ].-M. Fabrication of multifunctional cellulose nanocrystals/poly(lactic acid)
nanocomposites with silver nanoparticles by spraying method. Carbohydr. Polym. 2016, 140, 109-219. [CrossRef]

Fortunati, E.; Armentano, I.; lannoni, A.; Barbale, M.; Zaccheo, S.; Scavone, M.; Visai, L.; Kenny, ].M. New multifunctional
poly(lactide acid) composites: Mechanical, antibacterial, and degradation properties. J. Appl. Polym. Sci. 2012, 124, 87-98.
[CrossRef]

Cacciotti, I.; Fortunati, E.; Puglia, D.; Kenny, ].M. Effect of silver nanoparticles and cellulose nanocrystals on electrospun
poly(lacric) acid mats: Mechanical, thermal properties and mechanical behavior. Carbohydr. Polym. 2014, 103, 22-31. [CrossRef]
Yalcinkaya, E.E.; Puglia, D.; Fortunati, E.; Bertoglio, F.; Bruni, G.; Visai, L.; Kenny, ].M. Cellulose nanocrystals as templates for
cetyltrimethylammonium bromide mediated synthesis of Ag nanoparticles and their novel use in PLA films. Carbohydr. Polym.
2017, 157, 1557-1567. [CrossRef]

Alipilakkotte, S.; Sreejith, L. Green synthesized PLA /silver nanoparticle probe for sensing of hydrogen peroxide in biological
samples. Mater. Lett. 2018, 217, 33-38. [CrossRef]

Salas-Papayanopolos, H.; Morales-Cepeda, A.B.; Sanchez, S.; Lafleur, P.G.; Gomez, I. Synergistic effect of silver nanoparticle
content on the optical and thermo-mechanical properties of poly(L-lactic acid)/glycerol triacetate blends. Polym. Bull. 2017, 74,
4799-4814. [CrossRef]

Samoilova, N.; Kurskaya, E.; Krayukhina, M.; Askadsky, A.; Yamskov, I. Copolymers of Maleic Acid and Their Amphiphilic
Derivatives as Stabilizers of Silver Nanoparticles. J. Phys. Chem. B 2009, 113, 3395-3403. [CrossRef]

Lomakin, S.; Mikheev, Y.; Usachev, S.; Rogovina, S.; Zhorina, L.; Perepelitsina, E.; Levina, I.; Kuznetsova, O.; Shilkina, N.;
Iordanskii, A.; et al. Evaluation and modeling of polylactide photodegradation under ultraviolet irradiation: Bio-based polyester
photolysis mechanism. Polymers 2024, 16, 985. [CrossRef]

Fischer, E.; Sterzel, H.; Wegner, G. Investigation of the structure of solution grown crystals of lactide copolymers by means of
chemical reactions. Colloid. Polym. Sci. 1973, 521, 980-990. [CrossRef]

Jia, S.;; Yu, D.; Zhu, Y.; Wang, Z.; Chen, L.; Fu, L. Morphology, crystallization and thermal behaviors of PLA-based composites:
Wonderful effects of hybrid GO/PEG via dynamic impregnating. Polymers 2017, 9, 528. [CrossRef]

Samoilova, N.A.; Krayukhina, M.A.; Naumkin, A.V.; Korlyukov, A.A.; Anuchina, N.M.; Popov, D.A. Polymer-stabilized silver
(gold)-zinc oxide nanoheterodimer structures as antimicrobials. Appl. Sci. 2023, 13, 11121. [CrossRef]

Samoilova, N.A.; Krayukhina, M.A.; Korlyukov, A.A.; Klemenkova, Z.S.; Naumkin, A.V.; Mezhuev, Y.O. One-pot synthesis
of colloidal hybrid Au (Ag)/ZnO nanostructures with the participation of maleic acid copolymers. Polymers 2023, 15, 1670.
[CrossRef]

Saleh, M.; Anwar, S.; AlFaify, A.Y.; Al-Ahmari, A.M.; Elgawad, A.E.E.A. Development of PLA /recycled-desized carbon fiber
composites for 3D printing: Thermal, mechanical, and morphological analyses. J. Mater. Res. Technol. 2024, 29, 2768-2780.
[CrossRef]

Sahan, Y.; Gurbuz, O.; Goncagul, G.; Kara, A.; Ozakin, C. Antimicrobial effect of PEG-PLA on food-spoilage microorganisms.
Food Sci Biotechnol 2017, 26, 1123-1128. [CrossRef]

Nalawade, T.M.; Bhat, K.; Sogi, S.H.P. Bactericidal activity of propylene glycol, glycerine, polyethylene glycol 400, and polyethy-
lene glycol 1000 against selected microorganisms. J. Int. Soc. Prev. Community Dent. 2015, 5, 114-119. [CrossRef]

Saberi-Riseh, R.; Fathi, F. Biocontrol of Fusarium oxysporum in cucumber by some antagonist bacteria under drought stress. J.
Crop Prot. 2018, 7, 375-385.


https://doi.org/10.3390/nano7080207
https://doi.org/10.1016/j.ijbiomac.2017.03.176
https://doi.org/10.1016/j.matchemphys.2016.07.039
https://doi.org/10.3144/expresspolymlett.2017.51
https://doi.org/10.1021/acsbiomaterials.6b00766
https://doi.org/10.1007/s00289-017-2200-2
https://doi.org/10.1039/C5RA14155A
https://doi.org/10.1016/j.polymdegradstab.2010.02.034
https://doi.org/10.1016/j.carbpol.2015.12.030
https://doi.org/10.1002/app.35039
https://doi.org/10.1016/j.carbpol.2013.11.052
https://doi.org/10.1016/j.carbpol.2016.11.038
https://doi.org/10.1016/j.matlet.2018.01.034
https://doi.org/10.1007/s00289-017-1992-4
https://doi.org/10.1021/jp806683m
https://doi.org/10.3390/polym16070985
https://doi.org/10.1007/BF01498927
https://doi.org/10.3390/polym9100528
https://doi.org/10.3390/app132011121
https://doi.org/10.3390/polym15071670
https://doi.org/10.1016/j.jmrt.2024.01.267
https://doi.org/10.1007/s10068-017-0138-7
https://doi.org/10.4103/2231-0762.155736

Polymers 2024, 16, 2758 15 of 15

39. Alexandrino, M.; Costa, R.; Canario, A.V.; Costa, M.C. Clostridia initiate heavy metal bioremoval in mixed sulfidogenic cultures.
Environ. Sci. Technol. 2014, 48, 3378-3385. [CrossRef]

40. Maleke, M.; Valverde, A.; Gomez-Arias, A.; Cason, E.D.; Vermeulen, J.; Coetsee-Hugo, L.; Swart, H.; van Heerden, E.; Castillo,
J. Anaerobic reduction of europium by a Clostridium strain as a strategy for rare earth biorecovery. Sci. Rep. 2019, 9, 14339.
[CrossRef]

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.


https://doi.org/10.1021/es4052044
https://doi.org/10.1038/s41598-019-50179-z

	Introduction 
	Materials and Methods 
	Synthesis of Silver Nanoparticles 
	Biocomposite Production 
	Pressing and Mechanical Tests 
	Water Absorption 
	SEM Analysis 
	Spectral Analysis 
	DSC Analysis 
	Test of Antibacterial Activity 
	Biodegradability 

	Results and Discussion 
	PLA-Based Biocomposites 
	Mechanical Characteristics, Water Absorption, and Structural Features 
	Spectral Analysis 
	Differential Scanning Calorimetry 
	Antibacterial Activity and Biodegradability 

	Conclusions 
	References

