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Abstract

A comprehensive investigation was conducted focusing on two series of poly(lactic acid)
(PLA)-based nanocomposites filled with small amounts (0.5 and 1.0%) of metal (Ag/Cu)
nanoparticles (NPs). Our work aimed to synthesize PLA /Ag nanocomposites via in situ
ring-opening polymerization (ROP), and for comparison purposes, the same materials were
also prepared via solution casting followed by melt mixing. PLA /Cu nanocomposites were
also prepared via melt extrusion. Gel permeation chromatography (GPC) and intrinsic
viscosity measurements [1] showed that the incorporation of Ag nanoparticles (AgNPs)
resulted in a decrease in the molecular weight of the PLA matrix, indicating a direct effect
of the AgNPs on its macromolecular structure. Fourier-transform infrared spectroscopy
(FTIR) revealed no significant changes in the characteristic peaks of the nanocomposites,
except for an in situ sample containing 1.0 wt% of AgNDPs, where slight interactions in the
C=0 region were detected. Differential scanning calorimetry (DSC) analysis confirmed
the semi-crystalline nature of the materials. Glass transition temperature was strongly
affected by the presence of NPs in the case of the in situ-based samples. Melt crystal-
lized studies suggested potential indirect polymer—NP interactions, while isothermal melt
crystallization experiments confirmed the nucleation ability of the NPs. The mechanical
performance was assessed via tensile and flexural measurements, revealing that the in situ-
based samples exhibited remarkable flexibility. Moreover, during the three-point bending
tests, none of the in situ nanocomposite samples broke. In this context, next-generation
PLA-based nanocomposites have been proposed for advanced applications, including
flexible printed electronics.

Keywords: poly(lactic acid) (PLA); silver and copper nanoparticles; ring-opening polymerization
(ROP); melt mixing; PLA flexible nanocomposites

1. Introduction

The rapid increase in global plastic production, estimated at 150 million tons in 2023
and expected to exceed 590 million by 2050, has highlighted more than ever the urgent need
for alternative, sustainable materials [1-3]. Since industrial-scale production began in the
1950s, approximately 9 billion tons have been produced, mainly from petrochemical mate-
rials, whose persistence poses long-term sustainability issues [4]. Despite these concerns,
conventional plastics continue to dominate in the global market owing to their favorable
functional advantages and properties. In response to these challenges, polymer scientists
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and governments are increasingly promoting biobased and biodegradable alternatives,
supporting the transition toward a circular and sustainable bioeconomy [5-9].

Poly(lactic acid) (PLA), often described as the “polymer of the 21st century”, repre-
sents one of the most promising candidates in the search for sustainable materials [10,11].
PLA is a linear aliphatic thermoplastic polyester that can be derived from lactic acid
(2-hydroxypropionic acid). This acid is primarily obtained from renewable plant-based
sources, such as cellulose, starch, corn, and agricultural wastes. Lactic acid can be converted
into 1- or d-lactide, following a polymerization step for the synthesis of PLA, via ROP [12].

Owing to its biocompatibility, melt processability, and versatile performance, PLA
has been widely adopted in fields such as medical devices, packaging materials, films,
fibers, the automotive industry, and agriculture [13-15]. Depending on its molecular weight
and stereochemical composition, PLA may exhibit either semicrystalline or amorphous
behavior, achieving a balance between mechanical robustness and ductility [16,17]. Despite
its advantages, PLA presents several drawbacks, including low melt strength, fragility, and
sensitivity to moisture and gases. It also has modest antioxidant capacity, low thermal
resistance, and a slow crystallization and degradation rate [18-20].

To address some of these inherent limitations, recent research has focused on the incor-
poration of organic/inorganic fillers and nanoadditives to optimize its functional properties.
Such developments have inspired innovative approaches to improve the mechanical, ther-
mal, and other physical characteristics of PLA, often at low additive concentrations [21-24].
Hybrid nanotechnology, in particular, has created a new revolution in the area of mate-
rial science, developing the most advanced high-tech composites for applications such
as electronics [25-28].

Silver is a soft, noble metal with well-known conductive and antimicrobial properties.
In its nanoscale form, AgNPs are classified as metal-based nanomaterials and exhibit
enhanced functionality compared to bulk silver. Metal nanoparticles (MNPs), especially
AgNPs, exhibit exceptional physicochemical properties that have made them the focus
of sustained scientific interest. Owing to these features, they are extensively studied for
applications across diverse fields such as electronics, textiles, sensors, and nanomedicine.
AgNPs stand out among nanomaterials due to their remarkable antimicrobial, electrical,
optical, thermal, and catalytic properties [29-36].

Similarly, copper (Cu), a 3d transition metal, exhibits remarkable optical, thermal, and
electrical properties, making it another promising candidate for incorporation into PLA-
based nanocomposites. Copper nanoparticles (CuNPs) have been synthesized using various
methods, including chemical reduction, thermal reduction, and microemulsion techniques.
Their earth-abundance and low cost have made them particularly attractive for large-scale
applications. Currently, CuNPs are widely used in agricultural, industrial, and technologi-
cal fields, and have demonstrated valuable properties such as antimicrobial, bactericidal,
and catalytic activity. These properties have led to their use in antibacterial pharmaceuticals,
textiles, photocatalysis, electrical conductors, biochemical sensors, and coatings for medical
equipment. However, a significant drawback of CulNPs is their susceptibility to oxidation
during synthesis, which can limit their stability and overall functionality [37-39].

Several studies have investigated the incorporation of Ag and Cu NPs into PLA matri-
ces, with several literature documents indicating mainly improvements in antimicrobial
performance. Specifically, PLA/Ag systems have been widely reported for their enhanced
stability in biomedical and packaging applications. Similarly, CuNP/PLA nanocomposites
exhibit catalytic activity (based on the literature), with potential in thermal and electrical
applications. Typical preparation routes include melt mixing and solution casting, com-
bined with stabilizers or green synthesis approaches to avoid oxidation and agglomeration.
However, despite these promising advances, the preparation of PLA-based nanocompos-
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ites via in situ polymerization, a strategy that can directly influence the resulting material
properties, has not yet been explored [40-44].

In situ ROP [12,45] enables the development of strong interfacial interactions between
polymer chains and nanofillers, resulting in homogeneous filler dispersion and enhanced
material performance. Graphene- and biochar-filled nanocomposites prepared via in situ
ROP have demonstrated increased electrical conductivity and thermal stability, while lignin-
based PLA composites exhibited improved mechanical strength, antioxidant activity, and
UV-shielding properties. Likewise, PLA /sepiolite nanocomposites synthesized through in
situ ROP revealed stronger hydrogen-bonding interactions and enhanced crystallinity and
melting behavior. Furthermore, the incorporation of organically modified montmorillonite
was shown to promote the PLA crystallization process, whereas silane-modified nanosilica
led to a significant enhancement in crystallinity accompanied by a marked reduction
in Oy and CO, permeability [46-50]. To the best of our knowledge, the in situ-based
synthesis of PLA nanocomposites including Ag NPs was reported recently by our group
for the first time, where the in situ samples exhibited improved conductive properties [51].
Thus, the present work focused on the different optical and mechanical properties that the
materials may exhibit compared to those prepared by melt mixing. Moreover, preliminary
experiments of isothermal crystallization kinetics from the melt were conducted in order to
investigate the crystallization rates of the materials.

In summary, this work thoroughly investigated the preparation of poly(lactic acid)
(PLA)-based nanocomposites incorporating copper and silver NPs at two different weight
ratios (0.5 wt% and 1.0 wt%). The synthesis of the nanocomposite materials based on
Ag was carried out using two distinct methods: ROP and melt mixing. The prepared
nanocomposites were comprehensively characterized using a wide range of techniques
and methods (optical, infrared spectroscopy, thermal analysis, mechanical testing, etc.),
providing valuable insights into their morphology, structure, thermal behavior, mechanical
performance, and overall material properties. The objective of this study was to assess
the impact of MNP type and concentration on the multifunctional performance of PLA-
based nanocomposites, aiming to understand the structure—property relationships of these
materials, for advanced applications such as printed electronics [52-55]. Last but not
least, it is important to note that the in situ method of incorporation of AgNPs that was
suggested in the present work led to flexible PLA nanocomposite substrates, indicating
strong polymer-NP interactions.

2. Materials and Methods
2.1. Materials

1-dodecanol, tin(Il) 2-ethylhexanoate (Sn(Oct), was supplied from Aldrich Co. (Lon-
don, UK). L-lactide (LA) (99.9%) was purchased from PURAC Biochem BV (Gorinchem,
The Netherlands) under the brand name PURASORB®L, and Luminy® PLA L175, of
melt flow index (MFI) at 8 g/10 min (Flow, 210 °C/2.16 kg) and 3 g/10 min (Flow,
190 °C/2.16 kg), was purchased from Corbion N.V. (Gorinchem, The Netherlands). Ag
nanopowder, APS 20-40 nm (99.9%), and Cu nanopowder, APS 20-50 nm (99.9%) nanopar-
ticles were supplied by ThermoFisher Scientific (Erlenbachweg 2, 76870 Kandel, Germany).
All other materials and solvents used were of analytical grade.

2.2. Synthesis of PLA and PLA Nanocomposites Based on Ag via Ring-Opening Polymerization

PLA and PLA/Ag nanocomposites were synthesized through ROP of L-lactide
(Figure 1). The polymerization was carried out in a round-bottomed flask in the pres-
ence of L-lactide and AgNPs (for 0.5 and 1.0 wt%) (Table 1), and 400 ppm (or 0.1 mmol) of
stannous octoate [Sn(Oct);] (as solution in toluene). As an initiator, 1-dodecanol (0.05 g/mL
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acetone) was dissolved in acetone and introduced into the reaction mixture. To eliminate
the presence of oxygen, the mixture was degassed by evacuation/refilling cycles using
nitrogen. The reaction was then conducted under a nitrogen atmosphere at 160 °C for 2 h.
After polymerization, a high vacuum (~5.0 Pa) was gradually applied over 15 min while
maintaining the temperature at 180 °C to enhance the molecular weight of the PLA matrix
and remove any residual monomer. The reaction was terminated by rapidly cooling the
flask to room temperature.
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Figure 1. Representative scheme of the preparation methods.
Table 1. Sample abbreviations and compositions.
Abbreviation Content wt%
PLA_in situ 100 -
PLA_melt mixing 100 -
PLA/0.5%Cu_melt mixing 99.5 0.5
PLA/1.0%Cu_melt mixing 99.0 1.0
PLA/0.5%Ag_melt mixing 99.5 0.5
PLA/1.0%Ag_melt mixing 99.0 1.0
PLA/0.5%Ag_in situ 99.5 0.5
PLA/1.0%Ag_in situ 99.0 1.0

2.3. Masterbatch Preparation via Solvent Casting

Prior to melt mixing, PLA-based masterbatches containing either silver or copper NPs
(Table 1) were prepared using the solvent casting method (Figure 1). Commercial PLA
was dissolved in chloroform at a concentration of 40 mg/mL, while silver and copper NPs
were separately dispersed in chloroform at a concentration of 1 mg/mL. Both dispersions
underwent ultrasonication for 1 h. Afterward, the two solutions were mixed and further
sonicated for 1 h to ensure homogeneity. The resulting solution was placed under vacuum
for solvent evaporation, forming thin nanocomposite films. These films were cut into small
pieces and subsequently used as masterbatches in the melt mixing process.

2.4. Preparation of PLA-Based Nanocomposites via Melt Mixing

The masterbatch samples together with commercial PLA were introduced into a Haake—
Buchler twin-screw co-rotating extrudermelt mixer equipped with roller blades (Figure 1).
This method was used to produce additional PLA-based nanocomposites containing either
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silver (PLA/Ag) or copper (PLA/Cu) NPs. Prior to processing, both polymer matrices were
dried at 80 °C under vacuum for 24 h to eliminate moisture. Melt mixing was conducted at
190 °C for 5 min at a rotor speed of 30 rpm.

Film Preparation

Compression molding samples were prepared using an Otto Weber Type PW 30 hy-
draulic press (Stuttgart, Germany) equipped with an Omron E5AX temperature controller
(Kyoto, Japan). The compression molding conditions differed depending on the origin of
the material. For the materials synthesized via ROP (PLA and PLA/Ag samples), molding
was performed at 162.5-165 °C and 100 mbar. In contrast, for the nanocomposites pre-
pared via melt mixing (PLA, PLA/Ag and PLA/Cu samples), the molding temperature
was higher, ranging from 172.5 to 175 °C and 100 mbar. The films were then cooled to
room temperature (Figure 2). All samples exhibited a uniform thickness of approximately
0.40 £ 0.03 mm.

PLA_in situ PLA_ melt mixing PLA/0.5%Cu_melt mixing ~ PLA/1.0%Cu_melt mixing

PLA/0.5%Ag_melt mixing PLA/1.0%Ag_melt mixing PLA/0.5%Ag_in situ PLA/1.0%Ag_in situ

Figure 2. Compression-molded samples of PLA, and PLA nanocomposites.

2.5. Characterization Techniques
2.5.1. Intrinsic Viscosity

Intrinsic viscosity [n] measurements were conducted using an Ubbelohde viscometer
(capillary Oc) at 25 °C, with chloroform as the solvent. The solutions were filtered through a
disposable Teflon membrane to remove any solid residues. Intrinsic viscosity was calculated
by applying the Solomon-Cuita equation:

(e n(z) 1)) N

c

M| =

where c is the solution concentration, t is the flow time of the solution, and t; is the flow
time of pure solvent. Each measurement was performed twice.

2.5.2. Gel Permeation Chromatography (GPC)

The molecular weight of the materials was determined using GPC/SEC analysis. The
analysis was conducted on an Agilent 1260 Infinity II LC system (Agilent Technologies,
Santa Clara, CA, USA), which included an isocratic G7110B pump, an automatic vial
sampler G7129A, a refractive index detector (RID) G7162A, a PLgel 5 uM (50 x 7.5 mm)
guard column, and two PLgel 5 uM (300 x 7.5 mm) MIXED-C columns. Calibration was
performed using poly(methyl methacrylate) (PMMA) standards with molecular weights
ranging from 0.535 to 1.591 kg/mol. Samples were prepared by dissolving them in CHCl3
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at a concentration of 3 mg/mL and filtering the solution through a 0.45 um PTFE microfilter
to eliminate any solid residues. Each sample was injected in a 20 pL volume, with a total
elution time of 30 min. Both the column and RID temperatures were maintained at 40 °C
throughout the analysis. Each measurement was performed twice.

2.5.3. Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR)

FTIR spectra were recorded using an IRTracer-100 spectrophotometer (Shimadzu,
Kyoto, Japan) equipped with a QATR™ 10 single-reflection ATR accessory. Each spectrum
was collected in the wavenumber range of 4000-500 cm !, with a resolution of 2 em 1, and

a total of 32 co-added scans. The obtained spectra were normalized prior to analysis.

2.5.4. Color Measurements

Color measurements were performed using a Datacolor Spectraflash SF600 plus CT UV
reflectance colorimeter (Datacolor, Marl, Germany) using the D65 illuminant, 101 standard
observer with UV component excluded and specular component included. In each case,
fivefold measurements were performed using a special holder (Datacolor) and the mean
values were calculated. The color values were calculated using the CIE L*a*b* color space
system. In this system, L* represents the lightness (L* = 0: black, L* = 100: white). The
a* value corresponds to the green—red axis, where negative a* values indicate green and
positive a* values indicate red hues. The b* value represents the blue-yellow axis, where
negative b* values indicate blue and positive b* values indicate yellow hues.

2.5.5. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) analysis was performed using a PerkinElmer
Pyris Diamond DSC (Solingen, Germany) calibrated with pure indium, tin, and zinc stan-
dards. The instrument was equipped with a PerkinElmer Intracooler 2 cooling accessory
and operated under a nitrogen atmosphere. Samples of 5.0 £ 0.1 mg were sealed in alu-
minum pans prior to testing to evaluate the thermal behavior of the polymers. In order to
erase the thermal history of the sample, an initial heating scan was performed (Tr, + 30 °C).
After the first heating scan, the samples were quenched at 150 °C/min, and then reheated
at 20 °C/min to determine the glass transition temperature (Tg), cold crystallization tem-
perature (T¢c), and melting temperature (Tr,). Finally, the samples were cooled again from
200 °C to Tg — 40 °C at 10 °C/min to determine their crystallization temperature (T).

Isothermal melt crystallization experiments were performed to evaluate the crystal-
lization rates of the materials. The samples were heated at 40 °C above their Ty, and held
there for 3 min to erase any thermal history, and then a cooling step in the DSC at the
highest rate possible was performed at specific crystallization temperatures. The final step
was a subsequent heating at 40 °C above their Ty, with a heating step at 20 °C/min. All
measurements were performed twice.

2.5.6. X-Ray Diffraction (XRD)

Samples were subjected to X-ray diffraction measurements with the MiniFlex II XRD
system from Rigaku Co. (Tokyo, Japan) with CuKa radiation (A = 0.154 nm) in the angle 26
range from 5 to 45° at a scanning rate of 1 °C/min. The sample holder for the measurements
was approximately 32 mm in diameter. For each case, flat compression-molded samples
were used.

2.5.7. Tensile Properties

The tensile properties of the samples were measured using a Shimadzu EZ Test Tensile
Tester (Model EZ-LX) (1, Nishinokyo Kuwabara-cho, Nakagyo-ku, Kyoto 604-8511, Japan)
equipped with a 2 kN load cell, in accordance with ASTM D882, at a crosshead speed of
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5 mm/min. Dumbbell-shaped tensile specimens (central portion: 5 mm wide x 0.5 mm
thick, 22 mm gauge length) were prepared by cutting the compression-molded samples
using a Wallace cutting press. At least five measurements were performed for each sample,
and mean values were calculated for the tensile parameters.

2.5.8. Flexural Properties

Three-point bending tests were conducted using a Shimadzu EZ Flexural Tester (Model
EZ-LX) equipped with a 2 kN load cell, in accordance with ASTM D790-17. Compression-
molded samples were prepared using a thermopress, with dimensions of 12.7 mm in width
and 1.6 mm in thickness. The samples were tested flatwise on the support span, with
a support span-to-depth ratio of 16:1 (1 tolerance). For each sample type, at least five
measurements were performed, and mean values were calculated for the flexural modulus
and flexural strength.

2.5.9. Water Contact Angle

Water contact angles were measured using the sessile drop method with an Ossila Con-
tact Angle Goniometer (model L2004A1; Ossila Ltd., Sheffield, UK). All measurements were
performed in triplicate, and the results are reported as mean and standard deviation (SD).

3. Results and Discussion
3.1. Synthesis and Structural Investigation of PLA and PLA/Ag-Cu Nanocomposites

Gel permeation chromatography (GPC) (Figure 3) analysis was performed to deter-
mine the number-average molecular weight (M,,) of the synthesized in situ nanocomposite
materials and PLA commercial samples, along with intrinsic viscosity [] measurements
(Figure 4). From the GPC analysis, it was observed that the incorporation of AgNPs into
the PLA matrix at both 0.5 wt% and 1.0 wt% led to a decrease in both molecular weight
and intrinsic viscosity values [46]. These findings suggested that the presence of AgNPs
directly affected the macromolecular structure of PLA. The Ag NPs probably provided
additional active sites for the ROP of L-lactide, facilitating PLA chain growth while main-
taining a nearly unchanged polydispersity index [51]. This behavior correlated with the
reduced glass transition temperature and crystalline fraction of the PLA in situ-based
nanocomposites compared to the neat in situ PLA sample.

Figure 5a shows the ATR-FTIR spectra of the PLA neat and PLA-based nanocomposites.
The main characteristic peaks of PLA are observed at 3000-2850 cm ™!, corresponding
to symmetric and asymmetric C-H stretching vibrations; at 1750 cm™!, attributed to
carbonyl (C=0) stretching; and at 15001400 cm ™! and 1100-1000 cm~!, associated with
C-H bending and C-O stretching vibrations, respectively. The spectra of the synthesized
PLA via in situ ROP confirmed the successful polymerization [12,46,51]. For the case
of nanocomposites, no additional peaks related to metallic copper and silver NPs were
detected, indicating no chemical interactions between PLA and the NPs. Pure metals do
not exhibit characteristic IR peaks, as metallic bonds do not present any specific vibrational
modes as covalent bonds do [56,57].

Focusing on the carbonyl region around 1750 cm~! (Figure 5b), the peak’s curve and
intensity remained consistent, which means that the C=0 bond’s electronic environment
was not affected by the presence of the metals. However, only in the case of the sample
PLA_1.0%Ag_in situ do we observe some interactions in the C=0 area. This supports the
presence of interfacial interactions between the Ag NPs and the PLA matrix, meaning that
possible polymer-NP bonds could form during ROP.
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3.2. Optical Properties

The optical properties of the samples were assessed and the color differences be-
tween the materials were expressed by L*a*b* parameters. The findings are presented
in Figure 6, while Figures 7 and 8 show the transmittance and color as recorded by the
spectrophotometer.
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Figure 6. CIE L*a*b* coordinates of PLA samples and PLA nanocomposites. L*: perceptual lightness,
a* and b*: red—green and blue-yellow.
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Figure 7. Transmittance of PLA samples and PLA nanocomposites.
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Figure 8. Color PLA samples and PLA nanocomposites, as recorded by the spectrophotometer.

PLA_in situ with L* values close to 94, a* and b* of —0.6 and 2.8, respectively, were
considered as white color material (Figure 6). The PLA_melt mixing showed a drop in
lightness (L* = 85 vs. 94), with a slight increase in both a* (from —0.6 to 0.07) and b*
(from 2.8 to 9.00), compared to the PLA_in situ material. The PLA /1.0%Ag_melt mixing
sample showed slightly higher lightness (L* = 61 vs. 56) but lower a* (4.70 vs. 5.20) and b*
(16 vs. 18) values. This indicated that PLA/1.0%Ag_melt mixing appeared lighter and less
saturated in red-yellow tones compared to PLA /0.5%Ag_melt mixing, which presented
a deeper, more intense brownish hue. The PLA/0.5%Ag_in situ sample was significantly
lighter (L* = 67.1) compared to PLA/1.0%Ag_in situ (L* = 48.5), indicating a brighter
appearance. It also had higher a* (1.85 vs. 0.75) and b* (10.8 vs. 7.0) values. In contrast,
PLA/1.0%Ag_in situ appeared darker and more neutral, with lower overall color intensity.
Between the Cu-nanocomposites, PLA /0.5%Cu_melt mixing appeared lighter (L* = 77.8),
whereas PLA /1.0%Cu_melt mixing was noticeably darker (L* = 63.6). Overall, the CIE color
measurements indicated that the PLA-based nanocomposites prepared via the extruder
(melt mixing) technique predominantly exhibited brownish hues. In contrast, the in situ
samples were presented as neutral. This suggests that the preparation method significantly
influenced the final visual appearance of the nanocomposites.
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Figure 7 shows the transmittance of the materials, representing the fraction of incident
light transmitted through the samples. The PLA in situ-based sample showed the highest
transmittance, followed by a lower value for the PLA melt-mixed sample. The incorporation
of Ag and Cu NPs further reduced the transmittance compared to neat PLA.

3.3. Thermal Properties, Crystallinine Behavior, and Isothermal Melt Crystallization

The DSC scans of the compression-molded samples are presented in the next figure
for the first and second heating cycles, as well as traces during slow cooling, in order to
illustrate the influence of NPs and the method of their incorporation. Firstly, during the
first and second heating step (Figure 9a,b,d), additional melting peaks (T,) were observed
in the case of PLA / Ag nanocomposites prepared by melt mixing and ROP of L-lactide. The
distinct and multiple peaks (Figure 9d) were related to the different crystal populations
with different thermodynamic stability of the nanocomposites, caused by the presence of
AgNPs, which acted as nucleation agents. Furthermore, the different endothermic peaks
could be also associated with the coexistence of crystals with different degrees of imperfec-
tion. Specifically, the generated heterogeneous nucleation sites promoted spherulites with
different lamellar thickness and, thus, multiple Ty, due to local chain restrictions caused
by the interfacial interactions between PLA chains and Ag NPs [58]. The in situ samples
exhibited lower main T, due to their lower M,, compared with the PLA samples [59].
Similar multiple melting behavior was reported by Klonos and Klementina et al., where
the authors attributed the appearance of distinct T, peaks in PLA/Ag nanocomposites
to different crystal populations and heterogeneous nucleation induced by AgNPs [60,61].
Popescu et al. observed a decrease in melting temperatures for PLA /Cu nanocomposites
prepared with PEG-Cu clusters, attributed to catalytic degradation of PLA chains and
altered nucleation behavior [57].

A significant decrease was observed in both glass transition temperature (Tg)
(Figure 10a) and specific heat capacity (ACp) (Table 2) in the case of the nanocompos-
ites prepared by the in situ method. The reduction in Ty clearly indicates that the molecular
mobility of the polymer chains was significantly enhanced. For the melt-mixed nanocom-
posites (both Ag and Cu-based), no substantial decrease in Tg or AC;, was detected. This
finding was of particular importance, as the increased mobility of the in situ-based samples
directly influenced the mechanical performance, ultimately leading to flexible nanocom-
posite substrates, which can further be correlated with the increase in free volume of PLA
chains and the strong interfacial interactions. The in situ-based nanocomposites suggested a
pronounced influence of the NP-PLA interface on the polymerization reaction. Specifically,
during the ROP of L-lactide, Ag NPs acted as coordination sites for the growth of PLA
chains, which led to transfer reactions or the early termination of the reaction. This possible
mechanism was confirmed by the reduction in molecular weight (Figures 4b and 5b), where
the chain growth could possibly be interrupted by interactions with the surface of Ag NPs.
The reduction in AC,, observed in the present manuscript was in line with the findings
of Klonos et al., who reported that the decrease in ACp, in PLA/Ag systems originated
from the formation of a rigid amorphous fraction associated with restricted polymer chain
mobility near the NPs. The more pronounced decrease in Tg of the in situ-based samples
was attributed to the enhanced chain mobility developed during the ROP process [51]. The
latter could be further attributed to the overall reduction in the chain length of the samples
(Figures 4b and 5b), which led to the significant decrease in Tg. However, in most cases, Ty
was not significantly affected for the melt-mixed samples [60,61].
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Figure 9. DSC curves of PLA samples and PLA nanocomposites during (a) the first and (b) the
second heating at 20 °C/min and (c) cooling at 10 °C/min, and (d) the zoom area of the melting
temperatures during the first and second heating for the PLA/Ag in situ samples.

During cooling (Figure 9¢), the crystallization temperatures from the melt (T.) exhib-
ited an almost constant trend. Regarding CF,, PLA_in situ exhibited a significantly higher
crystallinity (37.5%) compared to PLA_melt mixing (5.5%). The addition of Ag and Cu NPs
through melt mixing slightly increased the crystallinity (Figure 10b). It was quite clear that
the nanoparticles favored nucleation and the crystalline fraction, while Cu and Ag most
probably acted as additional nucleating agents. On the other hand, in the in situ samples,
the opposite effect was observed. The AgNPs appeared to play a different role, reducing
the number of active crystallization nuclei despite being well dispersed in the polymer
matrix. This could be attributed to the strong and numerous polymer—particle interactions
that might have formed during the very early stages of the in situ ROP synthesis, which led
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to a loss of nucleation sites and promoting at the same time the growth chains of PLA [51].
However, the crystallinity values of the in situ samples remained higher than those of the
melt-mixed ones. Mulla et al. summarized that the incorporation of inorganic NPs such
as Ag, Cu, and ZnO into PLA can lead to variations in crystallinity due to heterogeneous
nucleation and different crystal populations. In some cases, strong polymer—particle inter-
actions, particularly in in situ-synthesized systems, can restrict chain mobility or change
nucleation behavior (i.e., graphene-based nanocomposites) [22].
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Figure 10. (a) Glass transition temperature and (b) the crystalline fraction during melt crystallization
(cooling step).
Table 2. Thermal properties of PLA samples and PLA nanocomposites.
As Received Quenched Cooling
Sample Tm AHp T, AC, Tec AH, Tm AHp T AH. CF,
O (J/g) O Dlgx°Ol (O Jg/g) €O  (glg €O (/g (%)
PLA_in situ 170.7 323 54.5 0.511 1026 363 1698 39.0 1029 348 375
PLA_melt mixing 172.0 42.6 59.7 0.480 1054 322 1726 363 997 52 55
PLA/0.5%Cu_melt mixing  171.8 34.0 60.2 0.343 106.0 346 1718 359 999 10.1 8.1
PLA/1.0%Cu_melt mixing  172.5 38.7 60.0 0.609 106.0 356 1722 39.1 99.3 7.7 8.4
PLA/0.5%Ag_melt mixing  173.2 40.6 59.3 0.551 1088 355 1729 370 990 2.7 8.1
PLA/1.0%Ag_melt mixing  171.8 447 60.4 0.551 1074 338 1728 367 983 114 9.2
PLA/0.5%Ag_in situ 160.6 7.1 35.2 0.356 1056 216 1609 52 96.2 8.7 14.6
PLA/1.0%Ag_in situ 149.1 22 349 0.252 97.4 303 1643 151 1023 88 154

The thermal transitions of the materials after annealing at 110 °C for 1 h are shown in
Figure 11a. After annealing, melt-mixed PLA showed a main Ty, at approximately 178 °C
in the case of the in situ-based PLA sample at 172 °C. The addition of Ag or Cu NPs via melt
mixing led to a complex thermal behavior with two peaks at around 172 °C and 176-180 °C,
indicating different crystalline morphologies. Moreover, the in situ Ag nanocomposites
exhibited enhanced thermal stability (after annealing) by increasing their Tr, at 3 and 5 °C
for the samples of PLA/Ag 0.5 and 1.0 wt%, respectively.
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Figure 11. (a) DSC curves of the materials after the annealing experiments and (b) the crystalline
fraction of the samples before and after annealing.

The CFy, of the annealed samples was significantly higher than that of the first heating
(as-received) samples, confirming that the annealing process promoted crystal growth
(Figure 11b). Samples prepared via melt mixing with the addition of NPs (both Ag and Cu-
based) exhibited increased crystallinity compared to neat PLA, reinforcing the observation
that NPs acted as nucleating agents, as also observed in the crystalline fraction of the melt-
crystallized samples (CF.). In the annealed samples, the influence of CuNPs was slightly
stronger than that of Ag. The addition of AgNPs in the in situ-based samples appeared to
influence crystallization differently, reducing the number of active nucleation sites, a trend
also reflected in the crystalline fraction of the melt-crystallized samples. This behavior was
likely due to the formation of polymer—particle interactions from the earliest stages of the
in situ ROP synthesis, which hindered the development of new crystallization nuclei [51].

Figure 12 shows the XRD patterns of compression-molded PLA and the synthesized
nanocomposite samples. PLA prepared by melt mixing exhibited three distinct diffraction
peaks at approximately 15.05°, 16.7°, and 18.9° (26). In contrast, PLA synthesized via ROP
exhibited diffraction peaks observed at around 14.8°, 16.45°, and 18.8° (20) with higher in-
tensity. All nanocomposites exhibited the same PLA diffraction peaks without any changes
on the diffraction peaks, indicating that silver/copper incorporation did not alter the PLA
crystalline structure nor led to the development of additional crystalline phases. In this
case, the results slightly differed from the DSC data provided during melt crystallization,
because thermal analysis in that case was more sensitive and accurate. Only in the case of
the in situ-based samples did a new diffraction peak appear at around 38°, attributed to
the presence of AgNPs [62], confirming similar results reported in the literature [36].

In the case of PLA nanocomposites, crystallization is fundamental for connecting
microstructure properties with the overall performance of the materials. Isothermal crystal-
lization studies provide insight into how factors such as nanoparticle type and interfacial
interactions govern crystal development and, consequently, the mechanical and thermal
behavior of the materials. These properties are critical for optimizing formulations and
aligning structural features with application requirements [63-66].
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Figure 12. XRD patterns of PLA samples and PLA nanocomposites.

Preliminary isothermal melt crystallization studies of PLA samples and PLA nanocom-
posites were examined via DSC. Crystallization exothermic peaks are presented in
Figure 13a. The relative degree of crystallinity (X(t)) was calculated based on the equation
below to estimate the crystallization rate of the materials. X(t), as a function of crystalliza-
tion time, was obtained (Figure 13b) based on the fact that the evolution of crystallinity
was linearly proportional to the evolution of heat released during crystallization.

 Jo (dHc/ dt)dt

() = [5” (dH / dt)dt

(2)
where dH, denotes the enthalpy of crystallization of the slightest fraction of time interval
dt. The limits t and co on the integrals indicate the elapsed time during the process
of crystallization and at the end of the crystallization, respectively. X(t) indicates the
necessary time required to reach 50% of the overall crystallinity during the isothermal melt
crystallization process. Then, the T;, data were calculated (Figure 13c) in order to estimate
the crystallization rate of the materials. The experiments were carried out and evaluated
under a constant crystallization driving force (AT) to ensure comparability. AT defines as
the difference between the melting peak temperature of the samples and the isothermal
crystallization temperature at which the experiments were performed (AT = T, — Tc) [67].
The subsequent heating traces were also recorded (Figure 13d).

Figure 13c shows that the crystallization kinetics of the materials prepared by in situ
and melt mixing were significantly different. The commercial PLA sample presented the
lowest crystallization rate compared to the other samples, as was expected due to its high
molecular weight [59]. The incorporation of NPs into the PLA matrix via solution casting
followed by melt mixing resulted in decreased crystallization half-times by the time the
NPs acted as nucleation agents. Moreover, the Cu-filled samples presented higher crys-
tallization rates than the silver-based materials, revealing the importance of investigating
crystallization kinetics, which can differ from the results obtained by examining the thermo-
dynamic properties of the materials through typical measurements via DSC (Table 2). For
instance, the PLA/ Ag melt-mixed samples exhibited more complex Tr, than the PLA/Cu
melt-mixed samples (Figure 11a). One of the most determinant factors directly affecting
the crystallization kinetics of the polymers is their molecular weight; thus, the in situ-based
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samples exhibited improved crystallization rates. Furthermore, the addition of AgNPs via
the in situ synthesis significantly affected the kinetic behavior of the samples, revealing
their nucleation ability and also the fact that the in situ polymerization method used in the
present work directly affected the crystallization kinetics of the materials [68,69]. Due to
the high sensitivity of the isothermal crystallization experiments and the numerous factors
that may directly affect the results, comparison with previous studies is rather difficult. For
instance, amorphous materials tend to have significantly high crystallization half-times
(i.e., low crystallization rates) [61]. Moreover, depending on the crystallization temperature
at which the experiments occurred, the trend of the crystallization rates followed the op-
posite trend (i.e., high crystallization rates) [70]. Moreover, the subsequent heating traces

(Figure 13d) showed that all samples exhibited multiple Ty, [71].
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3.4. Mechanical Evaluation via Tensile and Three-Point Bending Tests

The mechanical performance of the PLA-based nanocomposites was thoroughly inves-
tigated through stress—strain and three-point bending measurements (Figure 14, Table 3).
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Figure 14. (a) Representative tensile stress—strain curves of PLA samples and PLA nanocomposites,
and (b) the case of PLA/Ag in situ-based samples.

Table 3. Tensile data of PLA samples and PLA nanocomposites.

Sample Tensile Stress at Break Tensile Stress at Yield  Elongation = Young’'s Modulus
(MPa) (MPa) (%) (MPa)

PLA_in situ 35.5+49 30.7 £2.2 1.3£0.1 3660.7 = 78.9
PLA_melt mixing 53.7 £2.1 521+£37 22+03 3788.1 £94.7
PLA/0.5%Cu_melt mixing 29.0 £ 5.0 30.2 £4.7 1.8£05 3149.9 + 680.8
PLA/1.0%Cu_melt mixing 425+47 437 + 4.8 19+ 0.6 4003.7 + 523.7
PLA/0.5%Ag_melt mixing 479 + 3.4 504+ 1.7 24409 37279 +£172.7
PLA/1.0%Ag_melt mixing 451 +21 480+ 2.6 23+04 3687.7 + 87.1
PLA/0.5%Ag_in situ 155+ 15 17.7 £ 6.9 222+£05 1772.3 £+ 378.6
PLA/1.0%Ag_in situ 71+14 109 +£5.0 136.9 +17.2 1484.7 £+ 360.8

The PLA melt-mixed sample exhibited better mechanical performance compared to
the sample synthesized via the in situ method. Specifically, the PLA_melt mixing sample
demonstrated a yield stress of 52 MPa (Figure 15a), a break stress of 54 MPa, and a Young's
modulus of ~3790 MPa. In contrast, the in situ PLA-based material showed slightly lower
values, with a yield stress of 30 MPa, break stress of 35 MPa, and a Young’s modulus of
~3660 MPa. Regarding the PLA /Ag nanocomposites, the addition of AgNPs at 0.5 wt%
and 1.0 wt% via melt mixing did not alter the mechanical response of the PLA matrix. Both
yield and break stresses remained at high values (e.g., yield stress: ~50 MPa and ~48 MPa;
break stress: ~48 MPa and ~45 MPa, respectively), and the Young’s modulus (Figure 15c)
was within the same range (~3720 MPa and ~3690 MPa) as that of neat PLA. This can be
explained by the fact that the addition of silver and copper NPs via melt mixing did not
significantly change the crystallinity of the samples, which directly affects the mechanical
performance of the materials (Figure 10b) [72-75]. Similar behavior was also reported by
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Bautista and Nabgui et al., where the incorporation of AgNPs through melt mixing did not
significantly affect the Young’s modulus of PLA-based composites [43,76]. A similar trend
was observed in PLA /Cu nanocomposites, where only the 0.5 wt% Cu samples exhibited
significantly lower mechanical performance compared to the 1.0 wt% Cu sample. These
results were in agreement with the findings of Bruna et al., who reported that melt-mixed
PLA /Cu nanocomposites maintained similar stiffness to neat PLA [38].
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Figure 15. Tensile properties of PLA samples and PLA nanocomposites. (a) Stress at Yield, (b) Stress
at break, (c) Young’s Modulus, and (d) Elongation as a function of the samples.

In contrast, the in situ samples of PLA/Ag nanocomposites resulted in remark-
able differences in the mechanical properties among the samples prepared by melt mix-
ing. Tensile strength (Figure 15b) reduced with increasing silver content. For instance,
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PLA/0.5%Ag_in situ showed a yield stress of 17 MPa and a break stress of 15 MPa, while
for the PLA /1.0%Ag_in situ sample, these values dropped even further to 10 MPa and
7 MPa, respectively. Correspondingly, the Young’s modulus decreased to ~1770 MPa and
~1480 MPa. The drastic change in the mechanical performance of the materials occurred
due to the reduction in Tg compared to the neat PLA in situ-based sample. This indi-
cated increased molecular mobility in the amorphous regions, leading to a softer and less
rigid material.

However, in the case of elongation at break for the in situ samples (Figure 14b), a sur-
prising and noteworthy trend was observed. While both neat PLA and melt-mixed PLA/Ag
nanocomposites exhibited extremely low elongation values, the in situ-prepared PLA/Ag
samples demonstrated a remarkable increase in ductility. Specifically, PLA/0.5%Ag_in situ
exhibited ~22% elongation at break, and PLA/1.0%Ag_in situ reached an impressive 137%
(Figure 15d). This higher ductility occurred because of the increased chain mobility and
flexibility (lower Tg), which allowed the material to undergo significant plastic deformation
before failure. Despite their low strength and stiffness, these in situ materials exhibited
exceptional mechanical performance compared to the inherent brittleness of PLA. These
findings suggest that PLA /Ag nanocomposite samples synthesized via in situ ROP could
be promising substrates for flexible printed electronic applications [77-79].

Flexural testing is a crucial technique in printed electronic applications as it evaluates
device performance under bending and deformation. These experiments provide essential
mechanical data for the design of more reliable printed devices and assist in identifying the
deformation limits before functional failure occurs [80].

Moving on to the flexural properties, the results (Figure 16, Table 4) followed a similar
trend to the tensile tests. Neat PLA prepared by melt mixing showed higher strength
(Figure 17a) compared to in situ-synthesized PLA, while the incorporation of Ag and Cu
NPs through melt mixing did not significantly affect the overall mechanical performance of
PLA. In contrast, the in situ-fabricated PLA/Ag nanocomposites displayed lower flexural
strength consistent with the trend observed in the tensile data. It is important to note that,
during the three-point bending tests, none of the in situ nanocomposite samples fractured
(Figure 16), which highlights their suitability as substrates for flexible printed electronic
applications [80]. The flexural modulus (Figure 17b) followed the same overall tendency,
where melt-mixed PLA nanocomposites showed higher stiffness compared to neat PLA,
while the in situ-prepared PLA /Ag systems exhibited a decreased modulus.

Table 4. Flexural data for PLA samples and PLA nanocomposites.

Flexural Strength

Samples (MPa) Flexural Modulus (MPa)
PLA_in situ 18.8 £ 4.6 1126.9 £ 230.2
PLA_melt mixing 40.1 £ 9.6 1658.3 + 162.9
PLA/0.5%Cu_melt mixing 351+79 1223.3 +213.4
PLA/1.0%Cu_melt mixing 492 £121 1726.0 + 198.7
PLA/0.5%Ag_melt mixing 411+24 1817.1 + 285.3
PLA/1.0%Ag_melt mixing 43.0+11.5 1986.5 + 325.6
PLA/0.5%Ag_in situ 09+04 856.9 £ 180.6

PLA/1.0%Ag_in situ 202+29 268.6 £ 153.7
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Figure 16. Representative flexural stress—strain curves of PLA samples and PLA nanocomposites.
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Figure 17. Flexural properties of the PLA nanocomposites materials. (a) Flexural strength, and
(b) Flexural Modulus of the samples. The Flexural Strength indicates the maximum flexural stress the
material can withstand during the experiments.

3.5. Surface Properties

The effect of the hydrophilicity or hydrophobicity of the composites was explored
by measuring the water contact angle (Figure 18). The water contact angle of polymers
depends on various factors, including surface properties, preparation method, surface
roughness, chemical composition, and temperature. The PLA samples (PLA_in situ and
PLA_melt mixing) exhibited relatively high contact angles of approximately 85° and 83°,
respectively. These values were consistent with the literature [81], indicating that neat
PLA has a relatively hydrophobic surface. The small difference between the two samples
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suggested that the fabrication method (in situ polymerization vs. melt mixing) did not
significantly influence the hydrophilicity of the PLA matrix. With the addition of copper
and silver NPs via melt mixing, the contact angle decreased, indicating increased sur-
face hydrophilicity. PLA/0.5%Ag_melt mixing shows a contact angle of ~79°, while for
the sample of PLA/1%Ag_melt mixing, the angle decreased to ~76°. Similarly, the Cu-
nanocomposites exhibited contact angles of ~76° for PLA/0.5%Cu_melt mixing and ~77°
for PLA /1%Cu_melt mixing, indicating a slight increase in hydrophilicity compared to neat
PLA. A similar trend was observed for the in situ-based samples, where PLA /0.5%Ag_in
situ exhibited the lowest contact angle ~72°, whereas increasing the Ag content to 1%_in
situ increased the water contact angle.
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Figure 18. Water contact angle of PLA samples and PLA nanocomposites.

4. Conclusions

Ag nanocomposite materials based on PLA were successfully synthesized via in
situ ring-opening polymerization (ROP), and additional materials were prepared by melt
mixing prior to solvent casting based on Ag and Cu NPs. GPC measurements confirmed
that the presence of silver nanoparticles affected the macromolecular structure of the PLA,
leading to a reduction in molecular weight. Moreover, the optical properties revealed clear
differences between the two prepared methods. The chemical structure was investigated
by FTIR. The alteration in the ester group vibrations observed in the FTIR spectra of the
PLA_1.0%Ag_in situ sample indicated polymer-NP interactions. According to the DSC,
the materials exhibited semi-crystalline characteristics, as evidenced by XRD analysis.
Moreover, Tg was significantly affected by the presence of NPs during the ROP of L-lactide,
leading to softer materials with increased molecular mobility. Furthermore, during melt
crystallization, significant differences in crystallinity between the two different synthesized
methods were observed, indirectly indicating that strong polymer-NP interactions can
occur through in situ polymerization. Isothermal melt crystallization studies confirmed
the nucleation ability of the NPs, especially in the case of the in situ-based method of
preparation. The mechanical evaluation indicated that while the melt-mixed samples
maintained high strength and stiffness, the in situ nanocomposites showed remarkable
flexibility, with PLA /1.0%Ag_in situ reaching an impressive elongation of 137%. Despite
their lower strength and stiffness, the in situ-based materials did not break during the
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three-point bending tests. The surface properties of PLA did not significantly change with
the addition of Ag and Cu nanoparticles. This work demonstrates the advantages of in situ
ROP over conventional methods in achieving superior functional substrates for advanced
engineering applications such as biosensors and wearable and flexible printed electronics.
Future work should focus on the upscaled production of PLA nanocomposites based on
various NPs, such as metal nanoparticles, via cast film extrusion in order to obtain cast film
sheets, which can be used as substrates for engineering applications.
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