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ABSTRACT: The development of renewable and bio-based materials with functional performance comparable to
conventional plastics remains a key challenge in sustainable packaging. In this study, bio-based multilayer films were
fabricated using polylactic acid (PLA) as a renewable polyester substrate, combined with chitosan (CS) and propolis
(PRP) as naturally derived functional layers. Sequential surface coating enabled the formation of multilayer archi-
tectures integrating complementary structural and antimicrobial properties from bio-derived constituents. Trilayer
PLA/CS/PRP films exhibited significantly increased thickness and opacity compared with neat PLA, along with
higher (p < 0.05) water vapour permeability. Mechanical analysis showed significant reductions (p < 0.05) in tensile
strength and elongation at break, reflecting interfacial and structural effects associated with multilayer integration. The
preservation performance of the multilayer films was evaluated using fresh mozzarella cheese stored at 4°C for 25 days.
Compared with neat PLA, the multilayer films more effectively suppressed the growth of total aerobic bacteria, yeast,
and mould during refrigerated storage of mozzarella cheese. Although direct antimicrobial activity of the films was
not evaluated, the multilayer system demonstrated improved preservation performance by maintaining pH stability,
reducing weight loss, and delaying microbial proliferation. These findings suggest the potential of multilayer bio-based
coating strategies for active packaging applications in perishable food products.

KEYWORDS: Active packaging; antimicrobial; biodegradable; water vapour permeability; opacity

1 Introduction

Growing environmental concerns and regulatory pressures to reduce plastic waste have intensified
interest in sustainable food packaging materials. Despite the rapid growth of bio-based plastic from 1.6
to 3.0 million tonnes between 2021 and 2023, conventional petrochemical plastics still dominate global
production, exceeding 400 million tonnes annually [1,2]. Among biodegradable polymers, polylactic acid
(PLA) has emerged as one of the most commercially viable alternatives due to its renewability, compostability,
processability, and regulatory acceptance for food-contact applications. Nevertheless, the broader application
of PLA in food packaging remains constrained by its moderate moisture barrier performance, relatively high
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gas permeability, brittleness, and lack of inherent antimicrobial functionality [3,4]. These limitations are
particularly critical for packaging high-moisture, microbiologically sensitive foods.

To overcome these limitations, composite and multilayer film systems have been increasingly explored.
Multilayer designs enable the strategic combination of materials with complementary properties, allowing
mechanical integrity, barrier performance, and active functionality to be optimised simultaneously [5].
In this context, the incorporation of antimicrobial agents into biodegradable polymer matrices has gained
considerable attention as a means of extending food shelf life while reducing reliance on synthetic preserva-
tives. A wide range of natural and synthetic antimicrobials have been investigated for this purpose, including
essential oils [6-8], plant extracts [9-11], and metal oxides [12,13]. Previous studies have demonstrated
that even low loadings of antimicrobial compounds can substantially enhance packaging performance. For
example, Zehetmeyer et al. [14] reported a two-order-of-magnitude increase in antimicrobial activity in
PBAT films containing only 0.5 wt% nisin.

Propolis (PRP), a resinous substance produced by honeybees from plant exudates, has attracted
growing interest as a natural antimicrobial agent for food preservation. [15-17]. In previous studies, PRP
solution at a concentration of 10% has been reported to inhibit spoilage bacteria and fungi commonly
associated with cheese, while exerting comparatively limited effects on lactic acid bacteria (LAB), which
are essential for flavour and texture development in fermented dairy products [17,18]. Additionally, alcohol-
soluble PRP fractions have been demonstrated to exhibit stronger antibacterial effects against Gram-positive
than Gram-negative bacteria [19,20]. However, direct incorporation of PRP into packaging materials can
present challenges, including intense colouration, strong odour, and potential sensory impacts at higher
concentrations [21]. These drawbacks highlight the need for controlled-release strategies and synergistic
formulations that allow antimicrobial efficacy at reduced PRP loadings.

Chitosan (CS), a partially deacetylated derivative of chitin, is another promising biopolymer for active
packaging applications. CS is biodegradable, biocompatible, and exhibits intrinsic antimicrobial activity
against a broad spectrum of bacteria and fungi, primarily through electrostatic interactions with microbial
cell membranes [22-24]. Moreover, CS is compatible with PLA in multilayer configurations and can function
as both an antimicrobial agent and a functional interlayer, potentially modulating the release of incorporated
active compounds. Synergistic antimicrobial effects between CS and PRP have been reported in edible
coatings and films, suggesting enhanced efficacy when these agents are combined [25]. Both CS and PRP are
classified as Generally Recognised as Safe (GRAS) and are approved for food-related applications in multiple
jurisdictions [26,27].

Fresh mozzarella cheese represents a particularly challenging food matrix for packaging innovation.
Characterised by high moisture content (~60%), mild acidity (pH ~ 5.7), and limited salt concentration,
fresh mozzarella is highly susceptible to microbial spoilage and quality deterioration during refrigerated
storage [28,29]. Its shelf life typically ranges from only a few days for artisanal products to approximately
20 days for industrially packaged variants [30]. Spoilage is primarily driven by the growth of non-lactic acid
bacteria, psychrotrophic microorganisms, yeasts, and moulds, which negatively affect texture, flavour, and
safety [29]. Effective packaging solutions must therefore balance moisture control, gas permeability, and
antimicrobial protection without compromising product quality.

Although PRP has been incorporated into various biopolymeric matrices, including PLA [31], CS [32],
starch [33], and petrochemical-based plastics [34], studies investigating sequentially coated PLA/CS/PRP
multilayer films for preserving fresh mozzarella cheese remain limited. Therefore, this study aimed to
evaluate the physicochemical properties and preservation performance of this multilayer system for main-
taining storage quality of fresh mozzarella cheese. This study aligns with the United Nations Sustainable
Development Goals (SDGs), particularly SDG 12: Responsible Consumption and Production.
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2 Materials and Methods
2.1 Materials

PLA films (NATIVA®) were supplied by Taghleef Industries (Holzhausen an der Haide, Germany) to
the Fraunhofer Institute, IVV. Raw buffalo milk was obtained from a local dairy supplier (Barkath Fresh,
Ampang, Malaysia). Rennet was obtained from Chr. Hansen (Hoersholm, Denmark). Propolis extract from
Apis mellifera L. was purchased from Take It Global (Kuala Lumpur, Malaysia), while CS was obtained
from Maple Lifescience (Gyeonggi-do, Korea). Acetic acid (1% v/v), citric acid, sodium chloride, and
glutaraldehyde were supplied by Systerm (Shah Alam, Malaysia). Microbiological media included plate count
agar (PCA), de Man, Rogosa and Sharpe agar (Oxoid Ltd., Cheshire, England), and potato dextrose agar
(PDA) (Merck, Darmstadt, Germany). All chemicals were of analytical grade and used as received unless
otherwise stated.

2.2 Film Preparation

Multilayer film samples were prepared by sequential surface coating following the approach of Karpuz
and Palabiyik [18] with modifications. For the PRP layer, a 10% (w/v) solution was prepared by dissolving 10 g
of propolis extract in 100 mL of ethyl acetate. This concentration was selected based on preliminary trials, as
higher PRP concentrations resulted in excessive surface stickiness after drying. The mixture was agitated at
150 rpm for 6 h at room temperature (25 + 2°C) using a shaker incubator (Infors HT Ecotron, Switzerland).
A fixed volume (10 mL) of the PRP solution was applied uniformly onto PLA films (28 cm x 40 cm) using a
wire bar coater (wet film thickness: 100 um; film width: 32 cm; ChemInstruments, Fairfield, USA). However,
dry coating mass, coating yield, residual solvent content, residual glutaraldehyde, coating uniformity, and
individual layer thicknesses were not quantified in the present study. The coated films were air-dried at
ambient conditions for 6 h to allow solvent evaporation.

For the CS layer, a 0.1% (w/v) solution was prepared in 1% (v/v) acetic acid and stirred for 20 min until
fully solubilised. A volume of 10 mL was applied onto PLA films using the same wire-bar coating technique.
To induce crosslinking of the CS layer, 3 mL of 0.5% (v/v) glutaraldehyde solution was uniformly sprayed onto
the coated film surface. The selected glutaraldehyde concentration was based on preliminary trials to achieve
adequate coating stability while minimising excessive film brittleness. The coated films were subsequently
dried using a hot-air dryer at 65 + 15°C for 10 min to facilitate crosslinking and solvent evaporation. Surface
temperature was continuously monitored using an infrared thermometer (Fluke, Everett, USA) to maintain
the desired temperature range and minimise localised overheating or hotspot formation during drying.

For trilayer PLA/CS/PRP films, the PRP layer was applied only after CS-coated films had been dried
at 65 + 15°C for 10 min under the standardised drying conditions described above. Residual moisture
content of the CS layer was not directly measured and should therefore be considered a limitation of the
present study. Preliminary observations suggested that this coating sequence resulted in improved coating
integrity, whereas the reverse coating order (PRP/CS) showed signs of partial layer separation. A schematic
representation of the multi-layer films is presented in Fig. 1. All films were conditioned at 25 + 2°C and
50 + 2% relative humidity (RH) for at least 48 h prior to analyses.

2.3 Thickness

Film thickness was measured with a digital micrometer (Mitutoyo Co., Kawasaki-Shi, Japan) with
0.1 um resolution. Measurements were taken at five random positions per film, and results were expressed
as mean + standard deviation.
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Figure 1: Illustration of the cross-sections of the polylactic acid (PLA), polylactic acid/propolis (PLA/PRP), and
polylactic acid/chitosan/propolis (PLA/CS/PRP) films. Images are not to scale.

2.4 Mechanical Strength

Tensile strength (TS), Young’s modulus (YM), and elongation at break (EAB) of the films were
determined according to ASTM D882 [35], following the procedure described by Ordofiez et al. [36]. Film
specimens were cut into strips (1.5 cm x 9 cm) and mounted on a universal testing machine (Instron 3366,
Canton, USA) with an initial separation of 50 mm. Tests were conducted at a crosshead speed of 5 mm min™!
under ambient conditions.

2.5 Optical Properties

Film colour was evaluated in the CIELAB colour space [17] using a calibrated colourimeter (WR-10,
FRU, Shenzhen, China). Results were expressed as L* (lightness), a* (red-green), and b* (yellow-blue) values.

Opacity and transparency were evaluated using a UV-VIS spectrophotometer (Ruili Analytical Instru-
ment Co., Beijing, China) [37] and calculated using the formula below:

A
Opacity (AU mm_l) = ZOO (1)

- log TGOO

)

Transparency =
x

where Aggo and T represent light absorbance (AU) and percent transmittance (%) at 600 nm, respectively,
and x is film thickness (mm).

2.6 Moisture Content and Water Solubility

Moisture content was determined following ASTM D644-99 [38]. Film strips (6 cm x 1 cm) were
weighed, oven-dried at 110°C for 24 h. Then, the samples were weighed immediately at ambient conditions
(25 + 2°C, 50 + 5% RH). Moisture content was calculated as:

Wo — W1

Moisture content (%) = ( ) x 100 (3)

w1

Water solubility was determined by immersing dried film strips in distilled water for 24 h. The insoluble
fraction was re-dried at 130°C for 24 h and weighed. Water solubility was calculated as:

Water solubility (%) = (%) x 100 (4)
1

where wy is initial weight (g), w; is the oven-dried weight (g), and w;, is the final oven-dried weight of the
insoluble fraction (g).
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2.7 Water Vapour Permeability (WVP)

WVP was determined gravimetrically according to ASTM E96 method [39] with modifications. Film
samples were sealed over permeation cups containing 6 mL distilled water. The permeation cups were sealed
using silicone grease to minimise edge leakage. The cups were subsequently placed in a desiccator containing
anhydrous silica gel (previously regenerated at 120°C for 3 h), which maintained the external relative
humidity at approximately 0%-5% RH. This produced a water vapour pressure gradient of approximately
100% RH (inside cup, 25°C) to ~0% RH (outside), equivalent to a driving pressure difference (P) of
approximately 3168.74 Pa. Weight loss was recorded hourly for 8 h period, and steady-state permeation
behaviour was confirmed by linear regression of mass loss vs. time (R* > 0.99) prior to calculation (Fig. S1).
WVP was calculated as:

Aw-1

WVP “Lslpahy =
(gm™ s Pa™) P

(5)

where Aw is the weight loss (g), ! is the film thickness (m), A is the exposed area (0.0028 m?), ¢ is time (s),
and P is the water vapour pressure difference at 25°C (3168.74 Pa) which approximates the effective driving
pressure difference under the ~100% to ~0% RH gradient established by the anhydrous silica gel desiccator. It
is acknowledged that this near-zero external RH condition is considerably drier than conditions encountered
in typical food packaging applications and therefore, is noted as a limitation when interpreting absolute WVP
values in comparative contexts.

2.8 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were recorded using a SHIMADZU FTIR-8400S spectrometer (Shimadzu Corporation,
Kyoto, Japan) equipped with an attenuated total reflectance (ATR) accessory. Spectra were acquired at room
temperature (25 + 2°C) over the wavenumber range of 500-3250 cm™! with a spectral resolution of 4 cm™.
Each spectrum was obtained from 16 accumulated scans to improve the signal-to-noise ratio. A background
spectrum was obtained using a blank cell prior to measurements. All spectra were analysed using the

integrated LabSolutions IR software (Shimadzu Corporation, Kyoto, Japan).

2.9 Mozzarella Cheese Preparation and Storage Study

Raw buffalo milk (1.5 L) was heated over low heat with constant stirring. At 31.5°C, citric acid
(3.24% w/v) was added, followed by rennet (1.21% w/v) at 32°C. The mixture was left for 5 min to form curds,
which were then cut and gently stirred while heating to 40°C. Whey was separated using sterile muslin cloth,
and the curds were immersed in salted whey (23 g NaCl) at 85°C and manually stretched until a smooth,
elastic, and fibrous mozzarella texture was obtained. The prepared mozzarella cheese was cut into blocks
(4.5 cm x 5 cm), with three independent cheese samples prepared for each packaging treatment. The knives
and cutting boards were sanitised using sodium hypochlorite solution (200 ppm) and rinsed with sterile
distilled water prior to use. Samples were individually wrapped using PLA, PLA/PRP, or PLA/CS/PRP films
(75 cm x 9 cm) under atmospheric packaging conditions (25 + 2°C, 50 + 5% RH) and stored at 4 + 1°C for
25 days. Physicochemical and microbiological analyses were performed at 5-day intervals (days 0, 5, 10, 15,
20, and 25).



6 ] Renew Mater. 2026;14(10):6

2.10 Characterization of Mozzarella Cheese
2.10.1 Weight Loss

Weight loss was determined by comparing the initial weight of the fresh cheese sample with weight after
storage:

Wy — Wi

Weight loss (%) = x 100 (6)

Wo

where wj is the sample weight (g) at day 0 and w, is the sample weight (g) after storage.

2.10.2 Colour and pH

Colour of cheese samples along the storage period was measured using a calibrated colourimeter
(WR-10, FRU Instruments, Shenzhen City, China). To determine pH, 10 g of cheese was weighed and
homogenised with 90 mL of distilled water for 2 min at room temperature. The pH of the slurry was then
measured using a calibrated digital pH meter (pH 700, Eutech Instruments Pte Ltd., Singapore).

2.10.3 Microbiological Analysis

Microbiological counts were performed according to methods of Huang et al. [30] with slight modifi-
cations. Ten grams of cheese were homogenized in 90 mL sterile 0.9% NaCl solution using a stomacher for
2 min. Ten-fold serial dilutions were prepared, and 0.1 mL of the appropriate dilution was plated on:

o  PCA for total viable count (TVC), incubated at 30 + 1°C for 48 h,
o MRS agar for lactic acid bacteria, incubated at 37 + 1°C for 48 h,
«  PDA for yeast and moulds, incubated at 25 + 1°C for 48 h.

Results were expressed as log CFU/g. Microbiological analyses were performed in triplicate using three
independently packaged cheese samples for each treatment and storage interval.

2.11 Statistical Analysis

All experiments were performed in triplicate. Data were analysed using one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test (SPSS v25.0). Statistical significance was set at p < 0.05.

3 Results and Discussion

3.1 Thickness and Optical Properties

Film thickness is a critical structural parameter in polymeric materials, as it directly influences barrier
properties, mechanical behaviour, and overall material performance. As shown in Table 1, the deposition of
the PRP layer resulted in a significant increase (p < 0.05) in thickness from 27 to 45 pm. This increase is
attributed to the formation of a continuous coating layer on the PLA substrate, contributing additional mass
and structural heterogeneity. A similar trend has been reported by Roy et al. [40], where incorporation of
PRP into CS-based films increased thickness approximately 25%.

Subsequent incorporation of the CS layer further increased (p < 0.05) the thickness to 57 um. This
behaviour can be associated with the formation of a secondary polymeric network at the PLA interface,
where CS chains establish a coherent layer through intermolecular interactions and crosslinking.
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Table 1: Film thickness, opacity, and transparency of polylactic acid (PLA), polylactic acid/propolis (PLA/PRP), and
polylactic acid/chitosan/propolis (PLA/CS/PRP) films.

Film Thickness (um) Opacity (AU mm™) Transparency
PLA 27.06 + 0.25° 3.51 + 0.36° 3.49 + 0.01°
PLA/PRP 4512 + 0.11° 40.37 + 20.43* 0.51 + 0.04*
PLA/CS/PRP 57.02 + 0.11% 45.92 + 8.33° 0.91 + 0.07

Note: Values are given as mean + SD (n = 3). Means in the same column that do not share a letter are significantly
different (p < 0.05).

From an optical perspective, neat PLA films exhibited high transparency, reflecting their relatively
homogeneous and amorphous structure. However, the introduction of PRP and CS layers significantly
increased (p < 0.05) opacity and reduced transparency. This effect can be attributed to increased light
scattering arising from refractive index mismatches between the PLA substrate and the coated layers, as well
as the presence of dispersed PRP constituents. In particular, PRP contains waxes and resinous compounds,
which may account for its intrinsic turbidity and contribute to microstructural heterogeneities within the
coating [41]. Similar increases in opacity with PRP incorporation have been reported biopolymer-based
films [42].

The incorporation of PRP also significantly (p < 0.05) altered the colour attributes (L*, a*, b*) of the
films (Table 2). The lower L* value indicates a dark, almost black appearance consistent with the deep
brown colouration characteristic of PRP extract. The increase in b* values reflect a noticeable shift towards
yellowness attributable to the presence of flavonoids naturally present in PRP [43], and comparable trends
have been reported in biopolymer films incorporating ethanolic PRP extracts [37,44,45].

Table 2: Total colour difference and CIE L* a* b* colour coordinates of polylactic acid (PLA), polylactic acid/propolis
(PLA/PRP), and polylactic acid/chitosan/propolis (PLA/CS/PRP) films.

Film Total Colour Difference (AE) L* a* b*
PLA 0.00 + 0.00° 56.02 + 0.00 1.05 + 0.33° ~0.55 + 0.00°
PLA/PRP 20.27 + 20.28 1.05 + 0.33" 0.34 + 0.00° 6.27 + 1.10°
PLA/CS/PRP 19.26 + 1.03? 1.23 + 033" 1.23 + 0.19* 5.48 + 3.20°

Note: Values are given as mean + SD (n = 3). Means in the same column that do not share a letter are significantly
different (p < 0.05).

In contrast, the incorporation of the CS layer did not significantly affect the L*, a*, or b* values (p > 0.05).
This can be attributed to the inherently low chromaticity of CS and its relatively low concentration in the
multilayer structure [46]. Furthermore, its intermediate positioning within the multilayer configuration may
limit its direct contribution to surface optical properties. Overall, the observed optical changes highlight the
influence of bio-based functional layers on light transmission behaviour, which is an important consideration
in the design of renewable polymer materials for packaging applications.

3.2 Moisture Content, Water Solubility, and Water Vapour Permeability (WVP)

Moisture content, water solubility, and water vapour permeability (WVP) are key parameters governing
the performance of bio-based polymer films, particularly in applications involving high-moisture food
systems. As summarised in Table 3, neat PLA film exhibited a low moisture content of 1.24%, reflecting
the relatively hydrophobic nature and low polarity of the polyester backbone. Upon deposition of the PRP
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layer, moisture content decreased significantly (p < 0.05) to 0.06%. This reduction can be attributed to the
hydrophobic character of PRP, which limits the availability of polar sorption sites for water molecules. In
addition, the use of ethyl acetate as a solvent may induce transient surface restructuring during evaporation,
resulting in reduced surface affinity towards moisture [47]. The formation of a dense PRP coating layer
may also increase diffusion path tortuosity, thereby restricting moisture uptake, although further structural
characterisation using SEM or contact angle analysis is required to confirm this mechanism. Comparable
reductions in moisture content have been reported for polymeric systems modified with hydrophobic surface
coatings [48,49].

Table 3: Moisture content, water solubility, and water vapour permeability (WVP) of polylactic acid (PLA), polylactic
acid/propolis (PLA/PRP), and polylactic acid/chitosan/propolis (PLA/CS/PRP) films.

Film Moisture Content (%) Water Solubility (%) WVP (x108g m™'s™'Pa™!)
PLA 1.24 + 0.11° 1.21 + 0.23* 1.38 + 0.10°
PLA/PRP 0.06 + 0.05° 0.16 + 0.08" 3.60 + 0.53*
PLA/CS/PRP 2.18 £ 0.19* 1.78 £ 0.14* 2.63 + 0.24*

Note: Values are given as mean + SD (n = 3). Means in the same column that do not share a letter are significantly
different (p < 0.05).

In contrast, the incorporation of the CS layer led to a significant increase (p < 0.05) in moisture content
to 2.18%, corresponding to approximately 1.8-fold and 36-fold increases relative to neat PLA and PLA/PRP
films, respectively. This behaviour is consistent with the hydrophilic nature of CS, which contains abundant
amino and hydroxyl functional groups capable of forming hydrogen bonds with water molecules [50-52].

Water solubility provides insight into the stability of polymer films under aqueous conditions. Neat
PLA film exhibited low solubility (1.21%), which further decreased to 0.16% following PRP coating. This
reduction is associated with the predominantly hydrophobic composition of PRP, consisting of polyphenolic
resins, waxes, and fatty acids with limited polar functionality [53,54]. The presence of these components likely
reduces polymer-water interactions and inhibits matrix disintegration. The reduction in water solubility
further contributes to the preservation of film structural integrity, particularly under refrigerated storage
conditions, where chilled packaging systems are susceptible to condensation-induced moisture exposure.

Conversely, the addition of the CS layer significantly increased solubility (p < 0.05), reflecting the water
affinity of its functional groups and its partial solubilisation in aqueous environments [51,55].

WVP is a critical transport parameter that determines the ability of packaging materials to regulate
moisture migration. Interestingly, the incorporation of PRP significantly increased (p < 0.05) WVP from 1.38
t03.60 x 10°® g m™' s7! Pa”! relative to neat PLA, despite the reduction in moisture content. This apparent
inconsistency may be attributed to partial solvent-induced surface modification or plasticisation of the PLA
matrix by ethyl acetate present in the PRP solution. Such interactions can induce microstructural defects,
including microcracks or increased surface roughness, which facilitate vapour diffusion pathways and
enhance water transport [56]. Comparable propolis-related changes in water-vapour barrier behaviour have

been reported for PLA-based systems [37,57], where hydrophilic/hydrophobic imbalance and surface-defect
formation from propolis incorporation were similarly implicated in altered vapour transport.

The subsequent addition of the CS layer significantly reduced (p < 0.05) WVP relative to PLA/PRP
films. This improvement is likely attributed to the formation of a more compact and continuous multilayer
architecture, which may increase the tortuosity of diffusion pathways and reduce the effective free volume
available for water vapour migration, although cross-sectional SEM analysis is required to verify this
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structural interpretation. Nevertheless, the WVP of PLA/CS/PRP remained higher than that of neat PLA,
indicating that the inherent hydrophilicity of CS partially offsets the barrier enhancement by promoting
water sorption and facilitating limited molecular transport within the biopolymeric phase. These findings
are consistent with Garavand et al. [22], who reported limited changes in WVP in PLA systems modified
with CS.

3.3 Mechanical Properties

Young’s modulus (YM), tensile strength (TS), and elongation at break (EAB) are presented in Table 4.
Neat PLA film exhibited the highest (p < 0.05) YM value (2.93 GPa), consistent with the reported range
of 2.0-3.5 GPa for PLA [58,59], reflecting the relatively rigid nature of the polyester backbone and limited
chain mobility. The incorporation of PRP and CS layers resulted in a significant decrease (p < 0.05) in YM,
indicating reduced stiffness of the multilayer system, which can be attributed to the introduction of less rigid,
heterogeneous surface layers and disruption of stress transfer across the film thickness.

Table 4: Young’s modulus (YM), elongation at break (EAB), and tensile strength (TS) of polylactic acid (PLA), polylactic
acid/propolis (PLA/PRP), and polylactic acid/chitosan/propolis (PLA/CS/PRP) films.

Film YM (GPa) EAB (%) TS (MPa)
PLA 2.93 + 0.19* 16.49 + 5.08 39.70 + 4.41%
PLA/PRP 1.15 + 0.15° 4,55+ 222 21.04 + 3.39"
PLA/CS/PRP 0.73 + 0.06° 3.25 + 0.49° 14.81 + 4.19

Note: Values are given as mean + SD (n = 3). Means in the same column that do not share a letter are significantly
different (p < 0.05).

This trend contrasts with the findings of Kamaludin et al. [60], who reported an increase in YM
following CS incorporation into PLA via melt-compounding, attributable to the microphase separation
and reduced chain mobility. The discrepancy is likely related to differences in processing methods and
resulting microstructures. In melt-compounding systems, CS may be more uniformly distributed within the
PLA matrix, promoting microphase interactions and restricting chain mobility. In contrast, the sequential
assembly method employed in this study generates discrete layered interfaces, where limited interdiffusion
between PLA and CS phases may reduce interfacial adhesion and load transfer efficiency.

Neat PLA films also exhibited the highest (p < 0.05) TS (39.70 MPa) and EAB (16.49%), values compa-
rable to conventional petrochemical-based polymers such as low-density polyethylene (10-45 MPa) [61] and
polypropylene (30-40 MPa) [62,63]. The reduction in TS and EAB following PRP and CS deposition suggests
that multilayer formation introduces structural discontinuities and weak interfacial regions. In particular,
poor interfacial compatibility between the hydrophobic PLA substrate and hydrophilic CS layer may result
in stress concentration sites and premature failure under tensile loading [60,64]. Additionally, exposure to
ethyl acetate during PRP deposition may induce surface plasticisation or partial degradation of PLA, further
compromising mechanical integrity. The deterioration in mechanical properties may partially support the
proposed presence of microstructural defects or interfacial discontinuities within the multilayer system,
corroborating the higher WVP observed after PRP incorporation.

Although glutaraldehyde crosslinking of CS is generally reported to enhance water resistance and
mechanical strength [65,66], excessive or spatially confined crosslinking at the surface may lead to the
formation of brittle, highly crosslinked domains with limited capacity for energy dissipation [67]. Such
localised rigidity can reduce overall film flexibility and contribute to reduced EAB. Optimisation of
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crosslinking conditions, including reducing glutaraldehyde concentration or promoting more homogeneous
distribution within the CS layer, may improve interfacial cohesion and mechanical performance.

3.4 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was employed to elucidate intermolecular interactions among PLA, CS, and PRP
constituents within the multilayer structure (Fig. 2). Neat PLA films exhibited characteristic absorption
bands at 2995 and 2946 cm™! (C-H stretching), 1748 cm™' (C=0 stretching), and 1181 cm™! (C-O-C
stretching), consistent with the ester functional groups of the PLA backbone [68-70].

PLA B
B /7 < 4 “"" - “-‘:u‘..“f\“ﬂ.“ . v‘,f"’w’_“.,v‘zv -
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Figure 2: FTIR spectra for polylactic acid (PLA), polylactic acid/propolis (PLA/PRP), and polylactic
acid/chitosan/propolis (PLA/CS/PRP) films.

In PLA/PRP film, the slight shift of the C=0O stretching peak to 1756 cm™' was observed, which
may suggest weak intermolecular interactions between PLA and PRP components. It should be noted
that classical hydrogen bonding, in which a phenolic hydroxyl group acts as a proton donor to the PLA
carbonyl oxygen, would be expected to weaken the C=0 bond and shift its stretching frequency to a lower
wavenumber. Therefore, the observed high-wavenumber shift is more consistent with weaker, non-specific
dipole-dipole interactions between the polar PLA ester carbonyl and the phenolic/flavonoid moieties of PRP,
which can restrict local carbonyl segmental mobility without full proton transfer to the carbonyl oxygen [71].
A comparable phenomenon has been reported for PLA/chitosan-based films, where new hydrogen bonding
introduced by an incorporated flavonoid was instead reflected as a lower-wavenumber shift of the hydroxyl-
related band rather than the carbonyl band, indicating that the carbonyl region alone does not selectively
track hydrogen-bond formation in these systems [72].

Additional spectral features in the 1200-1000 cm™! region can be attributed to overlapping C-O and
O-H vibrations of phenolic compounds, while increased intensity near 1456 cm™' may be associated with
aromatic ring vibrations from flavonoid constituents [73].

The incorporation of the CS layer resulted in relatively minor changes in the overall FTIR spectrum,
likely due to its intermediate position within the multilayer architecture and limited surface exposure.
However, the appearance of a broader and more pronounced band in the 1020-1070 cm™' region can be

attributed to C-O stretching vibrations of the polysaccharide backbone, confirming the presence of CS within
the multilayer system.
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Notably, the peak at 1625 cm™!, observed in the PLA and PLA/PRP films, is plausibly attributed to
aromatic C=C stretching vibrations of the phenolic and flavonoid constituents of PRP, possibly overlapping
with the H-O-H bending mode of residual absorbed water (~1640 cm™"). Comparable absorption bands
in the 1600-1635 cm™' region have been reported for CS-PRP and other PRP-enriched biopolymer films
and attributed to aromatic ring C=C stretching and N-H bending vibrations associated with flavonoid and
phenolic acid constituents of propolis [74,75]. The persistence and slight intensification of this band across the
PLA/PRP and PLA/CS/PRP films may therefore reflect changes in the local hydration state and the aromatic-
ring environment of PRP-associated phenolics, consistent with the occurrence of intermolecular interactions
among PLA, CS, and PRP components.

3.5 Colour of Mozzarella Cheese

Colour stability during storage reflects the ability of packaging materials to regulate environmental
exposure, including moisture loss, oxygen ingress, and light transmittance. Cheese packaged in neat PLA
film exhibited a progressive decrease in L* (Fig. 3a) and a* values (Fig. 3b) as well as an increase in b*
values (Fig. 3c) after day 15, indicating surface yellowing likely associated with dehydration (Fig. 4) [76].
Fluctuations in b* values may also be linked to the degradation of photosensitisers such as riboflavin and
carotenoids during lipid oxidation [77,78]. Importantly, incorporation of PRP, with or without the CS layer,
did not result in significant colour transfer to the cheese, suggesting limited migration of PRP pigments
under the conditions tested. These findings are consistent with previous studies reporting minimal sensory
impact of PRP-containing films on dairy products [21] and address concerns regarding pigment migration
from propolis extract [45].
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Figure 3: Colour change, represented by the (a) L*, (b) a*, and (c) b* indices of mozzarella cheese packaged in polylactic
acid (PLA), polylactic acid/propolis (PLA/PRP), and polylactic acid/chitosan/propolis (PLA/CS/PRP) films during
25 days of storage at 4°C. Values are presented as mean + SD (n = 3). Different lowercase letters indicate significant
differences among packaging treatments at the same storage day (p < 0.05) while different uppercase letters indicate
significant differences among storage days for the same packaging treatment.

3.6 pH and Weight Loss of Mozzarella

The evolution of pH during storage (Fig. 5a) reflects microbial activity and biochemical changes within
the cheese matrix. The initial pH (5.87) was slightly higher than the typical range for fresh mozzarella
(5.5t05.7) [79], likely reflecting variability in milk composition, mineral content, or processing condi-
tions [80]. The gradual decrease in pH across all samples is consistent with ongoing microbial metabolism.
Notably, cheese packaged in PLA/CS/PRP films exhibited the smallest pH decline (p < 0.05), suggesting
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delayed acidification. This behaviour may suggest a potential role of the CS layer in modulating compound
diffusion [81]; however, release kinetics were not measured and this remains speculative.
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Figure 4: Appearance of mozzarella cheese packaged in polylactic acid (PLA), polylactic acid/propolis (PLA/PRP), and
polylactic acid/chitosan/propolis (PLA/CS/PRP) films during 25 days of storage at 4°C.
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Figure 5: (a) pH change and (b) weight loss of mozzarella cheese packaged in polylactic acid (PLA), polylactic
acid/propolis (PLA/PRP), and polylactic acid/chitosan/propolis (PLA/CS/PRP) films during 25 days of storage at 4°C.
Values are presented as mean + SD (n = 3). Different lowercase letters indicate significant differences among packaging
treatments at the same storage day (p < 0.05) while different uppercase letters indicate significant differences among
storage days for the same packaging treatment.

Weight loss trends (Fig. 5b) further reflect the moisture barrier performance of the films. The highest
weight loss (p < 0.05) observed in PLA/PRP film is consistent with their elevated WVP. In contrast,
PLA/CS/PRP films exhibited an initial increase in weight loss followed by stabilisation, which may be
attributed to moisture absorption and swelling of the CS layer. This swelling can potentially reduce free
volume and fill microvoids within the structure, forming a more effective secondary barrier over time [82].
Nevertheless, detailed structural analyses are necessary to confirm this.

3.7 Microbial Analysis

The microbial stability of fresh mozzarella cheese is strongly influenced by packaging material prop-
erties, particularly barrier performance and the presence of antimicrobial functionalities. The initial total
viable counts (TVC) (Day 0) were approximately 6 log CFU/g (Fig. 6a). The relatively high initial TVC likely



] Renew Mater. 2026;14(10):6 13

reflects the use of minimally processed fresh buffalo milk and artisanal cheese-making conditions. In PLA
and PLA/PRP packages, TVC increased significantly (p < 0.05) from day 5 to 15, indicating exponential
microbial growth. The highest bacterial load (p < 0.05) was recorded in PLA films by day 15, suggesting
minimal protection from microbial growth.
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Figure 6: Changes in microbial populations of mozzarella cheese during 25 days of storage at 4°C: (a) total viable
count, (b) yeast and mould count, and (c) lactic acid bacteria count in samples packaged with polylactic acid (PLA),
polylactic acid/propolis (PLA/PRP), and polylactic acid/chitosan/propolis (PLA/CS/PRP) films. Values are presented
as mean + SD (n = 3). Different lowercase letters indicate significant differences among packaging treatments at the
same storage day (p < 0.05) while different uppercase letters indicate significant differences among storage days for the
same packaging treatment.

In contrast, PLA/CS/PRP maintained a relatively stable TVC (p > 0.05) up to day 10, indicating an
extended lag phase and effective microbial inhibition [83,84]. The delayed microbial growth observed after
day 20 may also suggest a prolonged release behaviour of PRP-derived compounds from the CS layer,
corroborating the results of pH. The TVC in PLA/CS/PRP was 1.1 log and 0.6 log lower than in PLA and
PLA/PRP, respectively, and statistically similar to day 0 (p > 0.05), evidencing durable antimicrobial efficacy.
Based on reported microbiological limit for fresh cheeses at approximately 7 log CFU/g for total mesophilic
counts [30,85], the PLA/CS/PRP system maintained microbiological quality for up to 25 days of refrigerated
storage, whereas PLA/PRP and neat PLA exceeded acceptable limits at earlier storage intervals. As reported
by previous studies, the antibacterial activity of PRP likely stems from the presence of high phenolic content
and flavonoids, such as pinocembrin, caffeic acid, and p-coumaric acid [43,86,87]. These compounds disrupt
microbial cell membranes by increasing permeability, inducing leakage of intracellular constituents, and
interfering with membrane-bound enzymatic systems and energy metabolism [19]. In addition, they can
inhibit key biosynthetic pathways, suppressing cell division and delaying microbial growth [88]. However,
specific mechanistic pathways were not directly investigated in the present work and should be interpreted
as literature-based explanations rather than experimentally confirmed mechanisms.

Yeast and mould growth (Fig. 6b) followed a similar trend, with significantly higher counts observed
in neat PLA films. The reduced fungal growth in PRP-containing films confirms its antifungal activity,
while further reductions in PLA/CS/PRP systems suggest a potential synergistic effect with CS [45,89].
However, the delayed antifungal effect of CS may be attributed to its internal positioning within the multilayer
structure, limiting immediate surface interaction.

Besides contributing to flavour and texture, lactic acid bacteria (LAB) also produce inhibitory
compounds such as organic acids, bacteriocins, and hydrogen peroxide [90,91]. LAB populations increased
over the storage period (Fig. 6¢), with the highest growth (p < 0.05) observed in neat PLA films, indicating
minimal microbial inhibition. While PRP has been reported to inhibit pathogenic and spoilage-associated
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microorganisms at lower concentrations than those required to inhibit potentially probiotic LAB strains [92],
the reduction in LAB in PRP- and CS-containing films indicates broader antimicrobial activity, though not
complete inhibition. This suggests that the multilayer system enables modulation rather than elimination of
microbial populations, which may be advantageous for maintaining product characteristics during storage.
However, direct antimicrobial characterisation of the films, such as inhibition zone assays was not performed
in the present work. Therefore, the antimicrobial performance of the multilayer films was inferred indirectly
from microbial changes observed during refrigerated cheese storage.

4 Conclusion

This study demonstrates the potential application of sequentially coated PLA/CS/PRP multilayer films
for preserving fresh mozzarella cheese through improvements in selected physicochemical and microbiolog-
ical quality attributes during refrigerated storage. The incorporation of PRP introduced significant (p < 0.05)
changes in optical behaviour, increasing opacity and imparting a characteristic yellow hue, while the addition
of the CS layer further reduced transparency without significantly altering colour attributes. These changes
reflect the influence of layer composition and interfacial heterogeneity on light transmission within the
multilayer structure. Moisture-related properties were strongly governed by the contrasting polarity of the
constituent layers. Although the combined incorporation of PRP extract and CS resulted in higher water
vapour permeability, likely due to the hydrophilic nature of CS, this effect was partially mitigated during
storage, potentially through polymer swelling. Mechanical analysis revealed significant decreases (p < 0.05)
in tensile strength and elongation at break, suggesting interfacial incompatibility or excessive crosslinking
within the CS network. These findings indicate that optimisation of CS crosslinking density and interlayer
adhesion will be essential to improve mechanical robustness while preserving functional performance.
However, the observed reductions in tensile strength and elongation at break indicate a functional trade-off
that may limit certain industrial packaging applications, suggesting that these films are more suitable for
applications where antimicrobial functionalities are prioritised over high mechanical load resistance. From
a preservation standpoint, PLA/CS/PRP films exhibited the most effective performance for fresh mozzarella
cheese, maintaining pH stability and reducing weight loss while significantly (p < 0.05) suppressing microbial
growth, including total viable counts, yeast, and mould, over 25 days of refrigerated storage. The PLA/CS/PRP
films also exhibited relatively low water solubility, contributing to structural stability under refrigerated
conditions where condensation-induced moisture exposure is common. Despite the moderate increase in
water vapour permeability, the multilayer system provided antimicrobial functionality, making it suitable for
high-moisture refrigerated food products in which microbial stability is a more critical quality parameter
than strict moisture exclusion. Overall, this work highlights the potential of multilayer design approaches
in developing renewable polymer materials with enhanced functional properties. The combination of a bio-
based PLA film with naturally derived functional coatings such as CS and PRP offers a promising pathway
towards sustainable packaging systems. Residual glutaraldehyde migration was not evaluated in the present
study and should be considered a limitation, as potential migration behaviour may influence the food-
contact safety and regulatory applicability of the developed multilayer films. Future studies should include
advanced characterisation of interfacial interactions, quantitative measurements of coating thickness and
coating uniformity, cross-sectional morphological analysis, migration and toxicological assessments, and
release kinetics to establish structure-property relationships and confirm the suitability of the multilayer
system for food-packaging applications. In addition, sensory evaluation should be conducted in future
studies, as the characteristic aroma and flavour of PRP may influence consumer acceptance of packaged
dairy products.
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Nomenclature

PLA Polylactic acid

PBAT Polybutylene adipate terephthalate
PRP Propolis

CS Chitosan

WVP Water vapour permeability

FTIR Fourier transform infrared
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