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The increasing demand for sustainable, high-performance materials in food packaging highlights the need
to understand how bio-based additives and metallic nanofillers influence the stability and degradation
behavior of polylactic acid (PLA) composites under food-contact conditions. In this study, PLA-based
composites containing grape pomace and silver or copper nanoparticles were developed and evaluated
in terms of physico-chemical stability, thermal behavior, and degradation mechanisms. Two commercial
PLA grades (PLAl and PLA2) were blended with Proviplast 2624 plasticizer and doped with grape
pomace powder or Ag-PEG/Cu-PEG nanofillers. Nine composite formulations were prepared by melt
processing and immersed for six months in three food simulants (10% ethanol, 3% acetic acid, and 20%
ethanol) to investigate mass variation, Vickers hardness, surface morphology, and chemical and thermal
changes. Fourier
transform infrared spectroscopy (FTIR), and differential scanning calorimetry (DSC) were used to

Scanning electron microscopy (SEM), electron paramagnetic resonance (EPR),

correlate morphological, chemical, and structural modifications occurring during exposure. The results
showed that both composite formulation and simulant type significantly affected the structural,
mechanical, and degradation behavior of the materials. Grape pomace-reinforced samples exhibited
increased Vickers hardness after immersion, particularly in ethanolic media, attributed to the rigid
structure of the filler and its stabilizing effect on the polymer matrix. Composites containing Ag-PEG and
Cu-PEG nanofillers showed improved nanoparticle dispersion and partial stabilization of the PLA matrix,

with enhanced performance at 8% nanoparticle loading. However, prolonged exposure to simulants
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Accepted 31st March 2026 resulted in polymer degradation characterized by mass variation, surface damage, and free-radical

formation detectable by EPR. FTIR and DSC analyses indicated structural and thermal changes consistent
DOI: 10.1035/d6ra01574k with hydrolysis-induced chain scission, while acetic acid proved to be the most aggressive medium,

rsc.li/rsc-advances accelerating hydrolytic degradation and structural fragmentation.

poor water-vapor barrier properties, limited mechanical and
thermal performance, low ductility, and lower thermal stability
compared with conventional petroleum-based polymers.**
These shortcomings have stimulated increasing research

Introduction

Polylactic acid (PLA) is one of the most widely used polymers in
the food packaging industry due to its biodegradability, trans-

parency, and suitability for short-term applications such as
plates, cups, lids, and drinking straws.'” Despite its renewable
origin and compostability, PLA exhibits several limitations that
restrict its broader use in food packaging, including relatively
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interest in the development of PLA-based composites contain-
ing functional fillers and additives in order to improve their
overall performance and long-term stability.® To address these
shortcomings, various strategies have been explored, including
polymer blending, the incorporation of fillers, and the use of
plasticizers to tailor the properties of PLA for specific
applications.”®

Among these approaches, plasticizers such as thermoplastic
starch (TPS), polyethylene glycol (PEG), poly(e-caprolactone),
and poly(vinyl acetate) have been widely employed to improve
flexibility, impact resistance, and elongation at break of PLA-
based materials.’*"” However, these modifications alone are
often insufficient to fully over-come the intrinsic limitations of
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PLA, particularly in applications requiring enhanced stability
and durability under different environmental conditions rele-
vant to packaging systems.

Beyond purely mechanical improvements, increasing atten-
tion has been directed toward incorporating bio-based additives
and inorganic fillers into biodegradable polymers to modify
their physicochemical behaviour and degradation characteris-
tics. In this context, plant-based by-products such as grape
pomace (seeds, stems, and skins), which are rich in phenolic
compounds, have attracted significant attention as sustainable
additives that may influence the structural and chemical
behaviour of polymer matrices.***®

Biodegradable nanocomposites based on synthetic polymer
matrices combined with inorganic nanoparticles, such as
polyurethane systems reinforced with ZnO, have also been
investigated for their ability to modify material properties and
degradation behaviour. For example, a polyurethane-chitosan
nanocomposite containing ZnO nanoparticles exhibited up to
86% weight loss after 28 days of soil burial.** However, such
systems rely on synthetic matrices and do not incorporate plant-
based macromolecular additives.

Similarly, metallic nanoparticles—including silver (Ag),
copper (Cu), and zinc oxide (ZnO)—are widely studied as
functional additives in polymeric materials due to their well-
known antimicrobial properties and their ability to modify
physicochemical characteristics of polymer matrices.>** When
incorporated into biodegradable polymers, these particles may
influence structural stability, degradation behaviour, and
interactions with surrounding media.

Therefore, the aim of this study is to develop and charac-
terize two types of PLA-based nanocomposites: (i) materials
incorporating grape pomace and (ii) materials containing
metallic antimicrobial additives (Ag-PEG or Cu-PEG), and to
investigate how each additive type independently affects the
physicochemical properties, stability, and degradation behav-
iour of PLA-based materials under conditions simulating food-
contact environments. Rather than examining antimicrobial
performance in food systems, this work compares their
respective roles as modifiers of PLA matrices. Through this
approach, the study aims to improve the understanding of how
different additives influence the long-term behaviour of PLA
composites and to support the development of more robust
biodegradable materials for potential packaging applications.

Experimental
Materials and methods

Two types of base PLA polymers were used: PLA1 supplied by
Nature Works LLC under the Ingeo 2003D® brand (Tokyo,
Japan)* and PLA2, Luminy LX975 (Gorinchem, The Nether-
lands). Both materials exhibit comparable bulk densities
(~1.24 g em®) and high optical transparency under identical
processing conditions; however, they differ slightly in tensile
strength (53 MPa and 40 MPa, respectively) and melting
temperature (145 °C and 130 °C, respectively).

PLA 1 (Ingeo™ 2003D) has a number-average molecular
weight (Mn) of approximately 100 422 g mol ', a weight-average

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

molecular weight (M,,) of about 180477 g mol™*, and a PDI of
approximately 1.79. These values indicate a semi-crystalline
material typically used in packaging applications and a p-lac-
tide content of around 4.3%, which affects its crystallinity and
mechanical properties. PLAlas used for grape pomace samples
due to its higher strength and viscosity, which promote uniform
dispersion and compatibility of the natural particles.

For PLA2 (Luminy® LX975), gel permeation chromatography
measurements indicate a number average molecular weight
(Mn) of approximately 99400 g mol ' and a weight average
molecular weight (M,,) of approximately 152 500 g mol ", cor-
responding to a polydispersity index (M,,/M,,) of ~1.53, which
reflects the molecular weight distribution of this commercial
PLA grade. PLA 2 was selected for copper nanoparticle samples
because its lower viscosity and melting point facilitate efficient
nanoparticle dispersion while minimizing polymer thermal
degradation.

Proviplast 2624 (Proviron, Hangzhou, China) was used as
a plasticizer.*

As additives, grape pomace powder as well as Cu and Ag
clusters were incorporated. These were obtained in the Polymer
Composites Department of the Raluca Ripan Institute for
Research in Chemistry at Babes-Bolyai University, Cluj-
Napoca.*® Grape pomace powder was produced from residues
resulting from wine processing (seeds, stems, and skins). The
material was dried in a Memmert oven for 8 hours at 60 °C.
Stems were separated from the remaining by-products, which
were subsequently milled using a PM100 Retsch ball mill until
fibrous particles below 100 pm were obtained.

Cu clusters were synthesized by mixing CuSO, powder with
PEG 600 ata 15 : 75 weight ratio for 1 hour. A 10% ascorbic acid
solution was then added, and the mixture was stirred for an
additional hour to ensure complete homogenization. The
resulting gel was stored at 4 °C for 24 hours and subsequently
kept at room temperature.

The synthesis started with 4 g of silver nitrate (AgNO3;), which
was mixed in 50 em® of polyethylene glycol (PEG) at 23 °C for 1
hour using a magnetic stirrer equipped with a temperature-
controlled heating system. The temperature was then gradu-
ally raised to 90 °C and maintained under continuous stirring
for 3 hours.** All chemicals used were of analytical-grade purity.

Preparation of the composite mixtures

Nine composite formulations were prepared and investigated as
shown in Table 1. The composite mixtures were melt processed
in a Brabender plastograph at 180 °C, using a rotor speed of
60 rpm, for 15 minutes.

The visual aspects of the prepared films of several compos-
ites compared with plasticized PLA are shown in Fig. 1.

Investigation methodes

Electron paramagnetic resonance (EPR). Electron para-
magnetic resonance (EPR) measurements were performed to
detect paramagnetic species and radical formation in the
polymer composites. This analysis provides insight into
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Table 1 Composition of the investigated formulations
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Cod% PLA1 PLA2 Proviplast 2624 Ag-PEG Cu-PEG Grape pomace
C1 100
C2 100
R1 84.5 15 0.5
R2 84 15 1
R3 83.5 15 1.5
R4 83 15 2
R5 80 15 5
R6 77 15 8
R7 83 15 2
RS 80 15 5
R9 77 15 8
Cod
Mediu C1
Initial

Stimulant A

Stimulant B

Stimulant C

Fig. 1 Optical images before and after 6 months of immersion in the simulants.

oxidative stability and the chemical state of incorporated metal
nanoparticles.

Electron paramagnetic resonance (EPR) spectra were recor-
ded using a Bruker X-band ELEXSYS E580 spectrometer in
continuous-wave mode at room temperature. A volume of 50 pL
of each polylactic formulation was pipetted into a glass capillary
and analyzed over a 5000 gauss range (centre field 2505 gauss),
with a sweep time of 40 s, a modulation amplitude of 3 gauss,
and 10 scans. The antioxidant activity was evaluated using the
ABTS radical cation decolorization assay, in which the ABTS""
radical is generated by oxidation with potassium persulfate and
the decrease in absorbance at 734 nm is monitored after reac-
tion with antioxidant compounds.*®

Adsorption under long-term storage conditions for 6 months
(=182.5 days or 1.58 x 10’ s) at ambient temperature. Mass
change measurements were performed to assess the thermal
and chemical stability of the polymer composite, providing
insight into its suitability for food packaging applications and
predicting its behavior during storage and processing.

The amount of adsorption or mass change of the experi-
mental composites was evaluated by immersing them in three

20948 | RSC Adv, 2026, 16, 20946-20959

storage media that simulate the behavior of different food
categories (according to the European Union).**”

10% ethanol = simulant A

3% acetic acid in water = simulant B

20% ethanol in water = simulant C

The adsorbed mass was calculated according to ASTM
D570.** The immersion media were selected to simulate
different categories of food-contact environments. Nine small
composite specimens of approximately 5 x 5 x 5 mm were
initially weighed (M,) using an analytical balance with a preci-
sion of 0.001 g (Ohaus Explorer, Bucharest, Romania). Three
specimens from each batch were immersed in 15 mL of the
corresponding simulant solution and stored at ambient
temperature (~25 °C) for 6 months (=182.5 days or 1.58 x 107
s). After the immersion period, the specimens were removed
from the medium, gently dried with absorbent paper, and
weighed again (Ms), each sample was weighed three times. After
data collection, descriptive statistical tests (mean, standard
deviation) followed by a one-way ANOVA to evaluate statistically
significant differences between groups where applied. The
percentage of mass change was calculated using the equation:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fourier-transform infrared (FTIR) spectroscopy. The chem-
ical bonding of degradation samples was examined by Fourier-
transform infrared (FTIR) spectroscopy using an FTIR-610
spectrometer (Jasco Corporation, Tokyo, Japan) equipped with
an attenuated total reflectance (ATR) accessory incorporating
a horizontal ZnSe crystal (Jasco PRO400S). Spectra were
collected over the 4000-500 cm™ " range with a resolution of
4 cm™ ', Each spectrum represents the average of 100 scans, and
all measurements were carried out at room temperature.

Differential scanning calorimetric (DSC). Differential scan-
ning calorimetric (DSC) determination was performed with
a DSC 3+ Star system from METTLER TOLEDO (Leicester, UK),
under a N2 environment at 10 °C min~" between 25 °C and
200 °C.

Vickers hardness. Vickers hardness measurements were
performed to evaluate the mechanical resistance of the polymer
composites. Changes in hardness indicate the effect of nano-
particle incorporation and possible degradation during storage.

For hardness measurements of the experimental compos-
ites, five values were recorded for each formulation using
a Duramin 40 device. According to ASTM E384,* Vickers hard-
ness (HV) was determined by applying a load of 100 g for 15 s
onto the surface of each specimen, each with a minimum
thickness of 3 mm.* The mean and standard deviation for each
group were calculated using descriptive statistics.

Surface investigations (SEM). Surface investigations were
performed using SEM measurements to assess the morphology
and the roughness of the polymer composites. These properties
are critical for understanding the interaction with food prod-
ucts and the distribution of incorporated nanoparticles.

The morphology of the investigated surfaces, both initially and
after immersion in food simulants, was examined using scanning
electron microscopy (SEM). The analyses were performed with
a Hitachi SU8230 instrument (Hitachi, Tokyo, Japan) operated in
high vacuum mode at an acceleration voltage of 30 kV. Images
were acquired at increasing magnifications (x500, x1000, %2000,
x5000) and a scale of 50 pm was chosen to best lighlight the
difference between samples and the effects of degradation.

Antioxidant effect. The antioxidant activity of the polylactic
preparations was evaluated using the ABTS cation radical
decolorization method.*" This analysis provides insight into the
material's ability to scavenge free radicals, contributing to both
the stabilization of the polymer matrix and the protection of
food products against oxidative degradation.

In a 96-well plate, 100 uL of each polylactic preparation were
mixed with a 214 uM ABTS+e solution in 10 mM HPO,>" buffer
(pH 7.4), to a final volume of 300 pL. Control samples were
prepared using only the ABTS'+ solution, as well as ABTS '+
mixed with 100 pL of each solvent (A - 10% ethanol; B - 3%
acetic acid; C - 20% ethanol). Immediately after mixing,
absorbance at 740 nm was measured. All samples were then
incubated for four hours in the dark, after which absorbance at
740 nm was measured again.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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A calibration curve was prepared using gallic acid (0.2-4 uM),
with samples incubated for four hours under the same condi-
tions. The antioxidant activity of lactic acid (3 M) was also
tested. The antioxidant activity of the polylactic acid formula-
tions was ex-pressed as gallic acid equivalents. All measure-
ments were performed in duplicate.

Results and discussion
Electron paramagnetic resonance (EPR) analysis

Electron Paramagnetic Resonance (EPR) spectroscopy provided
additional insight into the chemical changes and leaching
phenomena occurring during immersion. Both the pure
solvents and those used for immersion of the undoped PLA
samples displayed no discernible EPR signal. In contrast,
solvents collected from the doped PLA samples exhibited
characteristic signals corresponding to the incorporated dop-
ants.For the Cu®"-doped PLA (R9), an axial copper signal was
detected at g1 = 2.2 (grey spectra, Fig. 2), confirming the
partial migration of copper species into the surrounding
medium. The Ag'-doped PLA samples (green spectra, Fig. 2)
showed weak signals cor-responding to Mn** (g = 2.01).

A stronger manganese signal was observed in the marc-
doped PLA samples, particularly those immersed in acetic
acid. This can be attributed to the presence of Mn in grape-
derived residues and its enhanced extraction under acidic
conditions. All solvents collected after PLA immersion exhibited
a low-intensity free radical signal, suggesting the formation of

wret

PR

Mn*’

\S

4500

4000
Magnetic field [Gauss]

2500 3000 3500

Fig. 2 The cw X-band EPR spectra of Cu®*-doped PLA (R9 in grey),
Ag*-doped PLA (R6 in green) and marc-doped PLA (R3 in blue)
submerged in ethanol (A and C) and in acetic acid (B). The EPR spectra
were measured over 5000 gauss (center field at 2505 gauss) with 40 s
sweep time, 3 gauss modulation amplitude and 10 scans. The areas
specific for Cu?*, Mn®* and free radicals are high-lighted.
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organic radicals during incubation—likely due to mild oxidative
degradation of the polymer matrix.

Adsorption at 6 months

C1 (pure PLA1) exhibits very low mass changes (below 0.5%)
regardless of the simulant used, suggesting a stable structure
that does not dissolve or disintegrate and showing good
chemical resistance toward all three food simulants. This
confirms the high hydrolytic stability of the base polymer (PLA1)
under the tested conditions, in the absence of plasticizers or
additives.

The release of metallic elements from the PLA-based
composites into simulant A (10% ethanol) and simulant B
(3% acetic acid) was quantified after aging tests using ICP-OES
measurements.”” ICP-OES analysis provides the total concen-
tration of metals released into the simulant under the experi-
mental conditions. The measured concentrations therefore
correspond to the total metal content present in the solution,
which includes dissolved ionic species as well as nanoparticles
that may have undergone dissolution during sample prepara-
tion and analysis. As reported in the manuscript [42], the
amount of migrated material ranged between 0.5-8.5 mg L " in
simulant A and 0.8-16.6 mg kg ' in simulant B, depending on
the composite formulation. These results indicate that acidic
environments promote a higher release of Cu-containing
species, which is consistent with the previously reported
behavior of copper-based materials in acidic media.

For C2 (pure PLA 2), the M pange Values remain low in sim-
ulant A (Fig. 3) but exceed 0.7% in simulants B and C, sug-
gesting a reduced resistance of the material to these simulants.
This behavior suggests a migration risk, where the solvent
penetrates the material and may subsequently release additives
into the simulant.*?

For samples R1-R3, which all contain Proviplast 2624 and
grape pomace, negative or near zero Mchange values were
observed in all simulants, indicating a balance between simu-
lant uptake and mass loss processes. Sample R1, with the lowest
grape pomace content, exhibits a mass decrease of

Il simulant A
20 { [l Simulant B
[ simulant C

M change (%)

C1 C2 R1 R2 R3 R4 R5 R6 R7 R8 R9

Fig. 3 Amount of mass change after 6 months (=182.5 days or 1.58 x
107 s).
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approximately —2%, suggesting limited swelling combined with
partial leaching of low-molecular-weight components,
including plasticiser fractions. In contrast, samples R2 and R3,
containing higher grape pomace loadings, show mass varia-
tions close to zero. This behaviour can be attributed to the
increased filler content, which may restrict polymer chain
mobility and reduce plasticiser migration, while simultaneously
promoting limited simulant absorption through the hydro-
philic nature of grape pomace. As a result, simulant uptake and
mass loss effects appear to compensate each other in R2 and R3,
leading to negligible net mass change rather than enhanced
stability alone.*

For samples R4-R6, which include Ag-PEG at concentrations
ranging from 2% to 8%, more pronounced negative Mchange
values (—10% to —20%) were observed (Fig. 3), with the excep-
tion of sample R5, which exhibited negligible mass change. The
highest mass losses were recorded for sample R4, particularly in
simulant A. These results are consistent with surface degrada-
tion phenomena observed by optical microscopy and SEM
imaging, including delamination and partial surface dissolu-
tion (Fig. 1), which can lead to material loss without involving
bulk structural disintegration. For the Cu containing compos-
ites (R7-R9), the mass change parameter varied systematically
with the copper content. Sample R7 (2% Cu) exhibited a nega-
tive Mchange Of —11%, indicating a net mass increase after
exposure, which is attributed to increased solvent uptake and
swelling of the polymer matrix. In contrast, samples R8 (5% Cu)
and R9 (8% Cu) showed positive Mcpange values of +8% and
+20%, respectively, reflecting a progressive transition toward
net mass loss with increasing filler concentration.

Surface analysis confirmed that samples with higher Cu
content developed more pronounced morphological alter-
ations, including localized delamination, microcracking, and
partial erosion. These features correlate with the higher positive
Mhange values observed for R8 and R9, suggesting that degra-
dation driven material loss became dominant at elevated Cu
levels. In contrast, the lower Cu sample R7 remained structur-
ally more cohesive, allowing solvent retention without signifi-
cant detachment of fragments, consistent with its negative
M hange (Fig. 1).

Under typical ambient storage conditions, PLA-based mate-
rials generally show relatively slow degradation because
hydrolytic chain scission requires the presence of moisture and
elevated temperatures. Therefore, if the investigated compos-
ites are stored for extended periods (e.g., one to two years) in dry
room conditions, only limited degradation is expected.
However, gradual physical aging, slow oxidation processes, or
the influence of residual moisture may still lead to minor
structural or mechanical changes over long storage times. This
can temporarily increase the apparent mass. Some PLA
composites swell significantly during long-term immersion,
leading to pore formation and retention of liquid and low-
molecular species.*

The higher degradation observed in the PLA2 series can be
attributed to its lower molecular weight and lower crystallinity
compared to PLA1, which increases chain mobility and the
accessibility of ester bonds to hydrolytic attack. Additionally,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the lower melting point of PLA2 facilitates faster polymer chain
relaxation during processing and environmental exposure,
further promoting hydrolysis.

The observed trend in adsorption (Simulant A > Simulant C >
Simulant B) can be attributed to the interactions between the
PLA-based composites and the chemical characteristics of the
simulants. Simulant A (10% ethanol in water) is moderately
polar and can partially swell the PLA matrix, leading to higher
adsorption.

In contrast, Simulant C (20% ethanol in water), with a higher
ethanol content, exhibits reduced hydrogen bonding interac-
tions with PLA ester groups, resulting in slightly lower adsorp-
tion. Simulant B (3% acetic acid in water) is acidic but poorly
polar, interacting minimally with the polymer matrix and thus
showing the lowest adsorption. Moreover, the presence of
hydrophilic additives such as grape pomace or Ag-PEG/Cu-Peg
enhances the uptake of water/ethanol, while their dispersion
and morphology influence the diffusion pathways within the
composite.

A one-way ANOVA confirmed significant differences in mass
variation across the samples (p < 0.05).

Vickers hardness

The Vickers hardness results for all samples are shown in Fig. 4.

Fig. 5 provides a scientific interpretation of the correlation
between Mchange and Vickers hardness, evaluated as a function
of the samples' exposure to the three food simulants (A/B/C).
From a mechanistic perspective, the sign and magnitude of
M hange indicate the dominant interaction processes between
the polymer and the simulant.

The slopes of the regression lines (R*) for each simulant
quantify the sensitivity of hardness to mass variation in that
medium. A steeper slope (accompanied by a higher R*) suggests
that the operative mechanisms in that simulant exert tighter
control over the evolution of the mechanical properties: the
more consistent the mass loss, the stronger the response. A
modest R* indicates multivariable behavior, in which HV is
simultaneously influenced by additional factors such as
compositional heterogeneity, initial microstructure, and the
presence/agglomeration of the filler.

120

I INITIAL

N\ Stimulant A

! 100 g8 Stimulant B
B Stimulant C

2]

e

Vickers Hardness [HVO
D
o

e |
e

C1 C2 R1 R2 R3 R4 R5 R6 R7 R8 R9

Fig. 4 Vickers hardness of the samples before and after immersion in
Stimulant A, B, and C.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

= Simulant A .
804 = SimulantB
Simulant C
Fit Simulant A(R?=0.34)
& 604~ — Fit Simulant B (R*=0.10)
g Fit Simulnat C (R*=0.64)
I -
I
@ 40
[
2
©
€L
20

v
b

-20 -10 0 10 20
M change

Fig. 5 Relationship between mass change and Vickers hardness
across food simulants.

If the data sets for one simulant tend to align along the same
regression line with a higher R?, we infer that the phenome-
nology is more coherent (e.g., the predominance of the same
type of transport/dissolution/erosion mechanism across all
samples). If the points are more scattered and the regression is
weak, this means that local micro mechanisms (e.g., filler
distribution, surface roughness, residual stresses, degree of
crystallinity) modulate the mechanical response more strongly
than mass variation itself. Overall, the figure integrates the
significance of Mchange (an integrative indicator of polymer-
simulant interaction) with HV (a proxy for local scale mechan-
ical integrity), providing a mechanistic map: as the system
transitions from swelling to mass loss, hardness tends to
decrease, and the “strength” of the correlation depends on the
nature of the simulant and the composite's microstructure.

PLA 1 was more crystalline and rigid, exhibiting higher
initial hardness than PLA 2. After six months of immersion, the
hardness of PLA 1 increased across all media. This can be
attributed to the selling and adsorption processes of the poly-
mer, which result in stiffer specimens.

For samples R1, R2, and R3, a similar trend was observed,
with slightly lower hardness values than the control samples
due to the plasticizer's softening effect. However, as the amount
of grape pomace powder increased, the hardness of the speci-
mens also slightly increased surpassing that of pure PLA 1 for
R3, which contained 1.5% grape pomace. Thus, grape pomace
acts as a bio-solid filler which, at low concentrations (0.5-1.5%),
can slightly enhance the modulus and hardness when it
adheres well to the polymer matrix, thereby counteracting the
plasticizer's influence.

For samples R4-R9, the initial hardness increased with
higher Cu particle content (for R7-R9), but decreased with
increasing Ag concentration (for R4-R7). Cu nanoparticles acted
as crystallization nuclei, reinforcing the material's stiffness,
whereas Ag particles if poorly dispersed or weakly bonded
created defect zones that reduced hardness and strength.

After six months of immersion, these samples showed
a decrease in hardness due to diffusion of small molecules,
where plasticizers or additives were extracted by the simulants.
This process led to delamination and microcrack formation
within the composite structure.
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A strong correlation was observed between Mcpange and
Vickers hardness, both reflecting physicochemical changes in
the polymer matrix. In samples R1-R3, negative Mchange values
coincided with increased hardness indicating limited degrada-
tion, simulant adsorption, and densification of the structure. In
contrast, samples R4-R6 and R7-R9 transitioned from negative
to positive Mchange values (exceeding 1%), showing that nano-
particle content significantly influenced behavior over six
months of immersion. Hardness decreased moderately
compared to the initial values, corresponding to structural
degradation through phase loss, partial dissolution (R6, R9),
and delamination (R5, R8). The overall degree of degradation in
these materials was substantial.
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Surface investigations (SEM)

SEM micrographs of the sample surfaces after six months of
immersion in the three food simulants (A-C) are shown in
Fig. 6-9. In the images, black circles mark particulate features
visible at the surface, while arrows indicate cracks and surface
defects of different sizes and morphologies.*® The observations
below are based on surface morphology and do not provide
direct information on the internal dispersion of fillers or
nanoparticles.

Simulant A (10% ethanol in water). After immersion in the
mildly hydroalcoholic medium, neat PLA shows slight surface
roughening and fine microcracks, indicative of surface localized
hydrolytic processes without evidence of bulk erosion—

SDpm

50.0pm - * LBT 100KV 15.0mm x300 LM(UL)

Fig. 6 SEM images of the control samples before and after 6 months of immersion in food simulants.
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Fig. 7 SEM images of R1-R3 before and after 6 months of immersion in food simulants.
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Fig. 8 SEM images of R4-R6 samples before and after 6 months of immersion in food simulants.

consistent with the near zero mass change measured under
these conditions. For the PLA-grape pomace composites,
ethanol appears to promote mild swelling of the organic
inclusions and partial diffusion of low molecular weight
components. SEM reveals shallow fissures and small interfacial
voids, attributable to localized interfacial stresses between the
PLA matrix and dispersed pomace particles; no filler detach-
ment is observed, aligning with their minimal mass change. In
the PLA-Ag PEG and PLA-Cu PEG nanocomposites, the surfaces
remain largely compact, with occasional fine voids and isolated
defects consistent with localized matrix relaxation or superficial
restructuring. While particulate features are visible, SEM alone
cannot confirm nanoparticle distribution or migration. Overall,
simu-lant A induces minor, surface limited changes consistent
with low Mcpange-

Simulant B (3% acetic acid in water). Immersion in the
acidic simulant leads to more pronounced surface deterioration
across all materials. Neat PLA displays erosion patterns and
deeper surface cracks, consistent with acid catalyzed hydrolysis
and surface chain scission, and in line with higher mass loss. In
the PLA-grape pomace composites, acetic acid intensifies attack
on the organic phase, resulting in enlarged interfacial gaps and
regions with flaked/eroded texture, indicating preferential
degradation at the polymerfiller interface. The nano-
composites show the most severe surface damage in this envi-
ronment. PLA-Cu PEG specimens exhibit copper species under
acidic conditions (enhanced hydrolysis/redox mediated path-
ways). PLA-Ag PEG samples display similar but less pronounced
deterioration. Among the three simulants, acetic acid produces
the strongest coupling between erosive morphology and mass
loss.extensive surface fragmentation and irregular cavities,

© 2026 The Author(s). Published by the Royal Society of Chemistry

features consistent with accelerated surface degradation in the
presence of Simulant C (20% ethanol in water).

All materials exhibit marked increases in roughness and
porosity, reflecting the stronger solvent action of ethanol and
enhanced mobility of low molecular weight species. Neat PLA
shows widened cracks and a sponge-like surface, suggesting
softening/reorganization within amorphous regions. In the
PLA-grape pomace composites, ethanol interacts with organic
constituents, leading to swelling, extraction of soluble fractions,
and microcavity formation. For the nanocomposites, the higher
ethanol content promotes matrix relaxation and surface
erosion, yielding heterogeneous surfaces with eroded zones and
small cavities where particulate features appear detached.
Without complementary elemental analyses, these features
cannot be directly attributed to nanoparticle redistribution or
leaching. Notably, samples such as R5 (and similarly R8) show
pronounced surface roughening alongside minimal mass
change, indicating surface confined swelling/softening and
localized reorganization that strongly impact SEM visible
morphology but contribute little to the overall mass balance.

Consistency with mass change results. The SEM
observations are consistent with the measured mass changes:
low M_pange corresponds to swelling dominated, surface limited
alterations (fine fissures, roughening, shallow voids) that do not
imply net material removal, whereas conditions with measur-
able mass loss are accompanied by erosive morphologies
(deeper cracks, fragmented regions, enlarged interfacial gaps)
indicative of surface recession. Ethanol rich exposure (simulant
C) can thus reshape the surface without appreciable mass
change, while acetic acid (simulant B) produces the most
aggressive, mass loss consistent surface damage.

RSC Adv, 2026, 16, 20946-20959 | 20953
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Fig. 9 SEM images of R7-R9 samples before and after 6 months of immersion in food simulants.

FTIR spectroscopy analysis 20% ethanol) to assess potential chemical changes occurring
uring prolonged exposure.

FTIR spectra (Fig. 10) of the PLA-based composites show the
characteristic absorption bands of PLA, including the C=0

FTIR analysis (Fig. 10) was performed after six months of d
immersion in food simulants (10% ethanol, 3% acetic acid, and
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Fig. 10 FTIR analysis (initial and after six months of immersion in food simulants).
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stretching vibration around 1750 c¢cm ™', C-O-C stretching
bands between 1180-1080 cm ™', and CHj stretching vibrations
near 2990-2945 cm ™ ". These peaks confirm the presence of the
PLA matrix in all formulations. After incorporation of grape
pomace powder or Ag-PEG/Cu-PEG nanofillers, slight changes
in peak intensity and small shifts in some bands are observed,
indicating interactions between the PLA matrix, plasticizer
(Proviplast 2624), and the fillers. Additional bands associated
with hydroxyl groups (-OH) from grape pomace may appear
around 3200-3500 cm ™", suggesting hydrogen bonding inter-
actions with PLA. Following six months of immersion in food
simulants (10% ethanol, 3% acetic acid, and 20% ethanol),
minor variations in band intensity were detected.

These changes may be attributed to plasticizer migration,
solvent absorption, or slight hydrolytic degradation of the PLA
matrix. However, the main characteristic PLA bands remain
present, indicating that the overall chemical structure of the
composites is preserved after exposure. Changes observed in
the carbonyl stretching region and in other characteristic PLA
bands indicate alterations in the chemical environment of ester
groups, which are consistent with hydrolytic cleavage of the
polymer backbone

DSC analysis

The samples (Fig. 11) were immersed for six months in food
simulants (10% ethanol, 3% acetic acid, and 20% ethanol) and
then analyzed by DSC to evaluate changes in thermal behavior
(Fig. 10). The DSC thermograms reveal that the addition
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stimulants significantly alter the thermal behavior of R2, R5,
and R8 formulations. For R2, the pure sample shows a major
endothermic peak at ~250 °C, corresponding to its primary
thermal degradation. The introduction of stimulants shifts this
peak to lower temperatures, indicating reduced thermal
stability. Stimulant A induces multiple early transitions (=131-
209 °C), suggesting strong interactions and early decomposition
processes. Stimulants B and C show peaks closer to the original
degradation temperature (=228-238 °C), indicating compara-
tively weaker but still noticeable effects.

In R5, thermal events occur at lower temperatures (=74-116
°C), reflecting inherently lower stability than R2. The addition
of stimulants increases the number of transitions, particularly
for stimulant B, which exhibits a multi-step decomposition
pattern. This suggests more complex interactions and progres-
sive structural or chemical changes within the matrix.

For RS, all transitions occur below 100 °C, indicating the
lowest thermal stability among the samples. Stimulants further
shift and intensify endothermic peaks (=80-93 °C), confirming
enhanced interactions and earlier thermal events. DSC analysis
revealed changes in the thermal behaviour of PLA after pro-
longed exposure. Variations in the glass transition temperature
(Tg), melting temperature (Tm), and crystallinity suggest
structural rearrangements associated with polymer chain scis-
sion and possible recrystallization during degradation. Such
behaviour is consistent with hydrolysis-driven degradation
mechanisms commonly reported for PLA, where preferential
cleavage of amorphous regions leads to increased chain
mobility and potential crystallinity evolution.

126°C 129°C

Heat flow [mV/mg]

——R5

—— RS- Stimulant A
—— R5- Stimulant B
—— RS- Stimulant C

100 200
Temperature [°C)

F

>

E

z

S 6

©

Q

x

-84——Rs8 lso’C

—— R8- Stimulant A
— R8- Stimulant B

101

i3 _,_\__\/-—-"‘_

96°C

|—— R8- Stimulant C| 88°C 92°C

T T
40 60 80

160 150 140

Temperature [°C)

Fig. 11 DSC analysis (initial and after six months of immersion in food simulants).
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Across all systems, stimulants, shift thermal transitions to
lower temperatures, increase the number of endothermic
events and indicate multi-step decomposition or phase transi-
tions. The overall thermal stability follows: R2 > R5 > R8.

Antioxidant activity

The antioxidant capacity was evaluated exclusively in the solvents
collected after the 6 month immersion period, using the ABTS™"
decolorization assay. Therefore, the results do not reflect the
intrinsic antioxidant properties of the PLA-based materials
themselves, but rather the antioxidant activity of compounds
released into the surrounding liquids during storage. Baseline
antioxidant activity of the fresh simulants prior to immersion was
negligible and was used as a reference control.

Most post-immersion solvent samples, particularly those
corresponding to acetic acid (simulant B) and to Cu**- and Ag*-
doped PLA materials, exhibited no detectable antioxidant
activity.

This observation suggests either the absence of antioxidant
compounds in the leachates or a possible loss of activity during
the prolonged incubation period.

In contrast, solvents obtained from undoped PLA samples
immersed in ethanol-based simulants (A and C) displayed
measurable antioxidant activity, reaching values of up to 5 GAE
(Fig. 12). Given that lactic acid itself exhibits negligible antiox-
idant capacity (0.02 GAE), this activity is likely attributable to
the release of minor organic residues or processing-related
additives from the PLA matrix rather than to PLA degradation
products.

The highest antioxidant activity was observed for solvents
from marc-doped PLA samples immersed in ethanol, with
values ranging from 6.7 to 11 GAE. This pronounced response is
consistent with the release of polyphenolic compounds from
grape marc during the incubation period.*” The use of gallic
acid as a calibration standard—chosen due to its abundance in
grape-derived extracts (Fig. S2) —further supports this
interpretation.

The differences in antioxidant activity among the samples
arise from the combined effects of material composition,
solvent environment, and the chemical stability of released

.JIII\m

C1C C2A C2C R3A R3C Lactic

Gallic acid equivalents [puM]
"

Fig. 12 The gallic acid equivalents of each PLA-based formulation
determined with the ABTS cation radical quenching after four hours of
incubation. Only PLAs that display antioxidant activity are shown.
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species. The higher antioxidant response of sample C2
compared to C1 is attributed to the increased ethanol content in
simulant C, which enhances PLA swelling and pro-motes the
extraction of low-molecular-weight organic residues with
limited radical scavenging ability.

Among the marc-doped materials, measurable antioxidant
activity was observed only for sample R3. This behaviour is
consistent with a higher effective release of pomace derived
polyphenolic compounds within the polymer matrix, resulting
in activity below the detection limit of the ABTS™* assay.

Although Fig. 12 indicates the presence of pomace-
associated metal cations in all simulants for sample R3, their
detection does not necessarily imply preserved antioxidant
activity. In simulant B (3% acetic acid), acidic conditions can
promote oxidation, hydrolysis, or metal complexation of poly-
phenols, thereby suppressing their radical-scavenging effi-
ciency. In addition, released metal ions may exhibit prooxidant
behaviour under acidic conditions, further counteracting anti-
oxidant effects. Consequently, despite the presence of pomace-
derived components in simulant B, no measurable antioxidant
activity is detected.

Overall, antioxidant activity depends not only on the release
of pomace derived species but also on their chemical integrity
and reactivity within each simulant. Ethanol based environ-
ments preserve polyphenolic functionality and allow detectable
antioxidant responses, whereas acidic conditions inhibit or
neutralize this activity.

Correlation between morphological and chemical changes

The combined SEM and EPR analyses indicate that the degra-
dation behaviour of the investigated PLA systems is strongly
influenced by the nature of the immersion medium. The acidic
environment (simulant B) promotes polymer chain scission and
redox-related degradation processes, resulting in more
pronounced surface damage observed by SEM and increased
paramagnetic signals detected by EPR. In contrast, ethanol-
containing simulants (A and C) facilitate the diffusion and
extraction of low-molecular-weight organic compounds and
potential nanoparticulate species from the polymer matrix.

The antioxidant activity detected in the ethanolic simulants
supports the release of bioactive polyphenolic compounds,
particularly from the marc-doped composites. This indicates
that the simulant composition not only affects the degradation
kinetics of PLA but also influences the chemical profile and
potential bioactivity of the released species.

Overall, the correlation between mass variation, hardness
evolution, SEM-observed surface morphology, EPR signals, and
complementary FTIR and DSC analyses suggests that degrada-
tion is primarily governed by hydrolysis-induced chain scission
of the PLA backbone. Secondary oxidative processes may occur
during prolonged exposure, contributing to radical formation
and additional chemical modifications of the polymer matrix.

Although PLA is widely considered a promising biodegrad-
able polymer for food packaging, it still exhibits several limi-
tations, including limited ductility, moderate thermal stability,
and sensitivity to hydrolytic degradation. The results obtained

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in this study indicate that the incorporation of grape pomace
and metallic nanofillers can partially improve the structural
stability and mechanical response of PLA composites under
simulated food-contact conditions. In particular, the grape
pomace filler contributed to increased hardness and dimen-
sional stability, while Ag-PEG and Cu-PEG nanofillers improved
nanoparticle dispersion and influenced the degradation
behaviour of the polymer matrix.

Conclusions

PLA-based nanocomposites containing grape marc or metallic
nanoparticles (Ag and Cu) were investigated after six months of
exposure to selected food simulants to evaluate changes in
surface morphology, hardness, chemical structure, and radical
formation. The results indicate that both the composite
formulation and the nature of the simulant strongly influence
the extent and characteristics of material degradation. Grape
marc-reinforced composites exhibited increased Vickers hard-
ness after immersion, particularly in ethanolic simulants,
which can be attributed to the rigid filler effect and moisture-
induced microstructural changes. These samples also showed
measurable antioxidant activity in ethanol, consistent with the
release of phenolic compounds from the plant-based filler.

In contrast, Ag-PEG and Cu-PEG nanocomposites displayed
limited antioxidant activity. EPR analysis revealed radical
species formation associated with polymer degradation and
metal-polymer redox interactions rather than leaching of anti-
oxidant compounds. FTIR spectroscopy provided evidence of
chemical modifications in the PLA matrix, including hydrolysis
of ester groups, while DSC measurements indicated changes in
glass transition, melting behavior, and crystallinity, reflecting
structural rearrangements during exposure. Among the tested
simulants, acetic acid induced the most pronounced surface
degradation and polymer fragmentation, as confirmed by SEM,
EPR, FTIR, and DSC analyses.

Overall, the findings highlight that both immersion media
and additive type significantly affect the degradation behavior,
chemical structure, and surface-related properties of PLA-based
composites. These results provide comparative insight into
additive-simulant interactions, while further time-dependent,
mechanical, and molecular analyses would be required to
establish quantitative correlations and define application-
specific performance criteria.
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