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Abstract The development of sustainable and active food packaging materials with multifunctional properties has

become increasingly important to enhance food safety and extend shelf life. In this study, palladium-based carbon quan-

tum dots (PQDs) were synthesized via a combined reduction–hydrothermal approach and incorporated into a poly(vinyl

alcohol) (PVA) matrix to fabricate multifunctional nanocomposite films. The incorporation of PQDs significantly

improved the functional performance of PVA films. UV–Vis analysis revealed excellent ultraviolet shielding, achieving

nearly complete blocking in the UV-B region and approximately 90% attenuation in the UV-A region, while maintaining

high transparency (>95%) in the visible range. X-ray diffraction results indicated a slight increase in crystallinity without

disrupting the intrinsic semi-crystalline structure of PVA. The oxygen transmission rate (OTR) decreased markedly from

5.54 to 0.86 cc/m²·day with increasing PQD content, demonstrating enhanced barrier performance due to the formation

of a tortuous diffusion pathway and improved structural ordering. Furthermore, the nanocomposite films exhibited strong

antibacterial activity against both S. aureus and E. coli, with inhibition zones increasing in a concentration-dependent

manner. Notably, an inhibition zone of 19.1 mm and 21.9 mm against S. aureus and E. coli, respectively, was achieved

at only 1.0 wt.% PQDs, indicating superior antibacterial efficiency at relatively low filler loadings. The developed PVA/

PCQD nanocomposite films demonstrate a unique combination of high transparency, effective UV shielding, improved

oxygen barrier properties, and strong antibacterial activity. These findings highlight their potential as advanced, eco-

friendly materials for active food packaging applications.

Keywords  Palladium Carbon Quantum Dots, Polyvinyl alcohol, Antimicrobial Packaging, Multifunctional Pack-

aging, UV Shielding

Introduction

The widespread use of petroleum-based packaging mate-

rials has undeniably improved food preservation and distri-

bution; however, their persistence in the environment has led

to severe ecological challenges, particularly long-term plastic

accumulation(S. M. Jalilian et al., 2023; Jozaghkar et al.,

2026b; M. R. Jozaghkar et al., 2019; Mirtaleb et al., 2025).

This growing environmental burden has accelerated the search

for sustainable, biodegradable, and high-performance alter-

natives capable of meeting the functional demands of modern

food packaging systems(Jozaghkar et al., 2026a; M. R.

Jozaghkar et al., 2022). Among the various candidates,

poly(vinyl alcohol) (PVA) has emerged as a promising bio-

degradable polymer owing to its excellent film-forming abil-

ity, transparency, biocompatibility, and superior oxygen-

barrier properties. Nevertheless, the intrinsic hydrophilicity of

PVA, along with its limited resistance to ultraviolet (UV) radi-

ation and lack of inherent antimicrobial activity, significantly

restricts its practical application in active food packag-

ing(Jailani et al., 2026; Saeed and Abdulwahed, 2024).

To address these limitations, the incorporation of functional

nanomaterials into polymer matrices has gained considerable

attention as an effective strategy to enhance physicochemical

and biological properties. In this context, carbon quantum dots

(CQDs) have emerged as a versatile class of zero-dimensional

nanomaterials, characterized by their small size, large surface

area, tunable surface functionalities, and optical properties.

CQDs are particularly attractive for food packaging appli-

cations due to their excellent dispersibility within polymer

matrices, ability to improve UV-shielding performance, and

potential antimicrobial activity. Furthermore, their surface

chemistry can be readily engineered or doped with hetero-

atoms or metals to tailor their functionality for specific appli-

cations(Gholizadeh et al., 2026; Mahmood et al., 2021; Qiang
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et al., 2020).

Recent advances have highlighted that metal-doped CQDs

exhibit significantly enhanced functional properties compared

to their undoped counterparts. In particular, palladium (Pd), a

noble metal known for its catalytic activity and antimicrobial

potential, offers a unique opportunity to engineer CQDs with

improved bioactivity and UV-blocking efficiency. Palladium-

based carbon quantum dots (PQDs) can introduce additional

active sites, facilitate reactive oxygen species (ROS) gener-

ation, and disrupt microbial cell membranes, thereby enhanc-

ing antibacterial performance. Simultaneously, the incorporation

of Pd can modify the electronic structure of CQDs, leading to

improved light absorption and UV-shielding capabilities,

which are critical for protecting food products from photo-

induced degradation(Tang et al., 2025; You et al., 2021).

Despite these promising attributes, the integration of PQDs

into biodegradable polymer matrices for food packaging

applications remains largely unexplored. Most existing studies

have focused on pristine CQDs or other nanofillers such as

metal oxides, graphene derivatives, or cellulose-based nano-

materials, often achieving improvements in isolated properties

but lacking a balanced enhancement of UV protection, anti-

microbial activity, and barrier performance(Elugoke et al.,

2024; Li et al., 2019; Qurtulen et al., 2026). Moreover, the

potential synergistic effects between PQDs and PVA in cre-

ating multifunctional nanocomposite films have not been sys-

tematically investigated.

Therefore, this study aims to develop and evaluate mul-

tifunctional PVA-based nanocomposite films incorporating

palladium-doped carbon quantum dots. It is hypothesized that

the incorporation of PQDs will not only improve the UV-

blocking performance of PVA films but also impart strong

antibacterial activity against common foodborne pathogens,

while maintaining desirable mechanical and barrier properties.

To validate this hypothesis, nanocomposite films with varying

PQD loadings were fabricated and comprehensively charac-

terized in terms of their structural, optical, thermal, mechan-

ical, and antimicrobial properties. The findings of this work

are expected to provide new insights into the design of

advanced, eco-friendly, and active packaging materials for

sustainable food preservation.

Materials and Methods

1. Materials
Poly(vinyl alcohol) (PVA, degree of hydrolysis ~98-99%)

and poly(vinyl pyrrolidone) (PVP, M
w
 ≈ 40,000) were pur-

chased from Sigma-Aldrich (USA). Palladium powder (Pd, ≥

99.9%) was obtained from Alfa Aesar (USA). Sodium boro-

hydride (NaBH
4
, ≥98%) was supplied by Daejung Chem-

icals (South Korea). All chemicals were used as received

without further purification. Deionized (DI) water was used

throughout all experiments.

2. Synthesis of PQDs
PQDs were synthesized via a combined chemical reduction

and hydrothermal approach. Initially, a poly(vinyl pyrroli-

done) (PVP) solution (0.05 M) was prepared by dissolving an

appropriate amount of PVP in 100 mL of distilled water under

magnetic stirring until a clear homogeneous solution was

obtained. Subsequently, 5 mL of the prepared PVP solution

was withdrawn and used as the solvent medium for further

reactions.

For the preparation of the palladium precursor solution, pal-

ladium powder (corresponding to a concentration of 0.05 M)

was dispersed into 95 mL of the previously prepared PVP

solution and stirred continuously to ensure uniform distri-

bution. In parallel, a reducing agent solution was prepared by

dissolving 3.78 mg of sodium borohydride (NaBH
4
) in the 5

mL aliquot of PVP solution. The reduction process was ini-

tiated by adding the freshly prepared NaBH
4
 solution drop-

wise into the palladium precursor solution under constant

stirring. The reaction mixture was maintained at 80°C for 3 h

to facilitate the reduction of Pd ions and the formation of Pd-

based nanostructures. 

Following the reduction step, the resulting dispersion was

transferred into a Teflon-lined stainless-steel autoclave and

subjected to hydrothermal treatment at an elevated tempera-

ture (160oC) for 3 h. After completion of the hydrothermal

process, the autoclave was allowed to cool naturally to room

temperature. The obtained dark-colored solution was centri-

fuged at high speed (15,000 rpm) for 20 min to remove larger

particles and impurities. The supernatant containing PQDs

was collected and further purified, if necessary, via dialysis or

filtration. The obtained PQDs were readily dispersible in

water, forming a stable and homogeneous colloidal solution

without visible aggregation. Finally, the purified PQDs were

stored at 4oC for subsequent characterization and incorpo-

ration into PVA nanocomposite films.

3. Preparation of PVA/PQDs Films 
A 10 wt.% aqueous poly(vinyl alcohol) (PVA) solution was

prepared by dissolving PVA powder in distilled water at 90 °C

under continuous magnetic stirring for 1 h until a clear and

homogeneous solution was obtained. The solution was then

cooled to room temperature prior to further use. The PQD sus-

pension was subsequently added to the PVA solution at dif-

ferent loadings (0.1, 0.5, 0.7, and 1.0 wt.% relative to the

weight of PVA). The mixtures were stirred continuously for 2

h to achieve a homogeneous distribution of PQDs within the

polymer matrix. The prepared nanocomposite solutions were

cast onto clean, leveled glass plate and dried in a controlled

environment at 40–50 °C for 48 h to allow slow solvent evap-

oration and uniform film formation. After drying, the films
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were carefully peeled off and conditioned at 25oC and 50%

relative humidity for at least 48 h prior to characterization.

The thickness of the obtained films was measured using a

digital micrometer at five different random positions, and the

average thickness was found to be in the range of approx-

imately 90-100 μm. The selected PQD loading range was

designed to investigate the concentration-dependent effects on

the optical, antibacterial, and barrier properties of the films

while minimizing the risk of nanoparticle agglomeration at

higher concentrations.

4. Characterization
The morphology and size distribution of the synthesized

PQDs were examined using transmission electron microscopy

(TEM) (JEM-2100F, JEOL). For sample preparation, a dilute

dispersion of PQDs was drop-cast onto a carbon-coated cop-

per grid and allowed to dry naturally at room temperature

prior to imaging.

The chemical structure and intermolecular interactions of

the films were analyzed using attenuated total reflection Fou-

rier-transform infrared (ATR-FTIR) spectroscopy (Perkin-

Elmer Frontier FTIR). Spectra were collected over the

wavenumber range of 4000-400 cm⁻¹ with 64 scans at a suit-

able resolution, using air as the background reference.

Crystalline characteristics of the prepared films were inves-

tigated by X-ray diffraction (XRD) analysis using a Rigaku

diffractometer (Ultima IV) with Cu Kα radiation (λ = 0.154

nm). The diffraction patterns were recorded over an appro-

priate 2θ range, and the intensities were normalized to enable

comparison between samples.

Mechanical properties, including tensile strength and elon-

gation at break, were determined using a universal testing

machine (UTM, Qmesys Co., South Korea) under standard

testing conditions.

The oxygen barrier performance of the films was evaluated

by measuring the oxygen transmission rate (OTR) using an

OX-TRAN 702 system (MOCON, USA). Film thickness was

measured at multiple points using a digital thickness gauge,

and the average value was used for calculations.

The antibacterial activity of the nanocomposite films was

assessed against Staphylococcus aureus (ATCC 6538) fol-

lowing a disk diffusion method based on JIS Z 2801:2010. A

bacterial suspension equivalent to 0.5 McFarland standard

(approximately 1 × 10⁸ CFU/mL) was prepared and uniformly

spread onto tryptic soy agar plates. Sterilized circular film

specimens (25 mm in diameter) were then placed onto the

inoculated agar surface and incubated at 37oC for 24 h. After

incubation, the diameter of the inhibition zones formed around

the samples was measured using a digital caliper. All exper-

iments were conducted in triplicate, and the results were

expressed as mean values with corresponding standard devi-

ations.

5. Statistical Analysis
All experiments were performed in triplicate, and the results

are presented as mean ± standard deviation (SD). Statistical

analysis was carried out using OriginPro (OriginLab Cor-

poration, USA). Differences between samples were evaluated

using one-way analysis of variance (ANOVA), followed by

Tukey’s post hoc test to determine significant differences

between groups. A p-value of less than 0.05 (p < 0.05) was

considered statistically significant.

Results and Discussion

1. Morphological Analysis of the Synthesized PQDs
The structural features and morphology of the synthesized

PQDs were investigated using transmission electron micros-

copy (TEM) and high-resolution TEM (HR-TEM). As illus-

trated in Figure 1a, the PQDs exhibited a well-dispersed,

nearly spherical morphology with good uniformity, indicating

effective control over particle formation during synthesis. The

good aqueous dispersibility of PQDs facilitates their uniform

Fig. 1. (a) TEM of PQDs with 10 nm magnification and (b) particle size distribution histogram
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distribution within the PVA matrix, contributing to improved

optical and barrier properties.

Detailed structural analysis using HR-TEM revealed dis-

tinct lattice fringes with an interplanar spacing of approxi-

mately 0.21 nm, which can be attributed to the graphitic

carbon structure, along with the possible contribution of pal-

ladium incorporation within the carbon matrix. The particle

size distribution histogram (Figure 1b) demonstrates that the

PQDs are predominantly below 10 nm in diameter, with an

average particle size in the range of 3–4 nm. This narrow size

distribution highlights the successful synthesis of nanoscale

quantum dots with controlled dimensions, which is beneficial

for enhancing their optical and antibacterial properties(Azam

et al., 2021; Liu et al., 2025; Setianto et al., 2024).

1. Structural Analysis of PVA/PQD Nanocomposite

Films
Figure 2 illustrates the FTIR spectra of pristine PVA and

PVA/PQD nanocomposite films containing different PQD

loadings (0.1, 0.5, 0.7, and 1.0 wt.%). The spectra were col-

lected over the wavenumber range of 4000–500 cm⁻¹. All

samples display the typical absorption features of PVA,

including a broad band centered around 3300 cm⁻¹, which is

attributed to O–H stretching vibrations associated with strong

intermolecular and intramolecular hydrogen bonding. The

peaks observed near 2940 cm⁻¹ and 2850 cm⁻¹ correspond to

asymmetric and symmetric stretching vibrations of C–H

groups, while the band at approximately 1430 cm⁻¹ is assigned

to CH
2
 bending. Additionally, the peak located around 1090

cm⁻¹ is characteristic of C–O stretching vibrations within the

polymer backbone. Upon incorporation of PQDs, noticeable

yet subtle modifications in the spectral features are observed.

In particular, the O–H stretching band becomes broader and

slightly more intense with increasing PQD content, indicating

strengthened hydrogen-bonding interactions between the

hydroxyl groups of PVA and the oxygen-containing functional

groups present on the surface of PQDs. Furthermore, minor

changes in the intensity of bands associated with C–O and

C=O vibrations suggest the contribution of surface function-

alities of the PQDs, such as hydroxyl, carbonyl, and carboxyl

groups.

No significant shift or emergence of distinct new peaks

related to palladium species is observed, likely due to their

low concentration and uniform dispersion within the polymer

matrix. However, the absence of major spectral changes and

the preservation of the characteristic PVA peaks confirm good

compatibility between PVA and PQDs. These results indicate

that the nanofillers are well incorporated into the polymer net-

work without disrupting its fundamental chemical structure,

while promoting intermolecular interactions that are beneficial

for enhancing film properties(M. Jalilian et al., 2023; M.

Jozaghkar et al., 2022, 2019; Mohammad Jozaghkar and

Ziaee, 2024; Mohammadreza Jozaghkar and Ziaee, 2024;

Kim et al., 2025).

2. Optical Properties and UV-Blocking Performance
The UV–Vis transmittance spectra of pure PVA and PVA/

PQD nanocomposite films with varying PQD loadings are

presented in Figure 3. The spectra were recorded over the

wavelength range of 200–800 nm to evaluate the optical trans-

parency and UV-shielding capability of the films. Pure PVA

exhibited high transparency across the entire visible region,

with transmittance approaching ~100% at 660 nm, indicating

its excellent optical clarity but poor resistance to ultraviolet

radiation. In contrast, the incorporation of PQDs significantly

reduced transmittance in the UV region (200-400 nm),

demonstrating enhanced UV-blocking performance. Notably,

Fig. 2. FT-IR spectra of PVA/PQDs nanocomposite films.

Fig. 3. (a) UV-spectra and (b) appearance of PVA/PQDs nano-

composite films.
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the nanocomposite films achieved nearly complete blocking in

the UV-B region (280–315 nm) and substantial attenuation in

the UV-A region (315–400 nm), with blocking efficiency

reaching approximately 90% at higher PQD loadings.

The improvement in UV-shielding behavior can be

attributed to the strong absorption characteristics of PQDs,

which arise from π–π* transitions of the carbon core and pos-

sible n–π* transitions associated with surface functional

groups. Additionally, the presence of palladium species may

contribute to enhanced photon absorption and scattering, fur-

ther improving the UV-blocking efficiency of the films. As the

PQD content increased from 0.1 to 1.0 wt.%, a gradual

decrease in transmittance within the UV region was observed,

indicating a concentration-dependent enhancement in UV pro-

tection. Despite this reduction in UV transmittance, the films

maintained high transparency in the visible region. Specif-

ically, the transparency at 660 nm remained above 95% even

at the highest PQD loading, suggesting that the incorporation

of PQDs does not significantly compromise the optical clarity

of the films. This balance between excellent UV-blocking

capability and high visible light transparency is particularly

advantageous for food packaging applications, where pro-

tection against photo-induced degradation must be achieved

without sacrificing product visibility. The results confirm that

PQDs act as effective multifunctional nanofillers, enabling the

development of advanced packaging materials with improved

light-barrier properties. 

The significant achievement in this study is achieving stun-

ning UV-A blocking in very low PQDs concentration among

other reported studies. For instance, our previous study

showed that PVA nanocomposites based on tea leaf–derived

CQDs showed that UV-A blocking can be achieved at CQDs

concentrations higher that 1.0 wt. %. Moreover, maximum

UV-A blocking was observed for the sample containing 3.0

wt.% of CQDs around 70 %. While current project demon-

strates that 90% UV-A blocking can be achieved by just 0.1

wt. % of PQDs. Table 1 clearly compares current data with

our previous studies(Ansari et al., 2025a; Department of Pack-

aging & Logistics, Yonsei University et al., 2025).

3. XRD analysis of PVA/PQDs nanocomposite films
The X-ray diffraction patterns of neat PVA and PVA/PQDs

nanocomposite films with different PQD loadings are shown

in Figure 4. The measurements were carried out over a 2θ

range of 3°–60° to examine the structural organization and

crystallinity of the films. Pure PVA displays a characteristic

broad diffraction peak centered at approximately 19.5°, which

is commonly associated with its semi-crystalline nature, aris-

ing from the partial ordering of polymer chains embedded

within an amorphous matrix. This broad feature reflects the

dominance of disordered regions alongside limited crystalline

domains.

Upon incorporation of PQDs, the overall diffraction profile

remains largely unchanged, with the main peak at ~19.5°

clearly retained in all nanocomposite samples. This indicates

that the fundamental crystalline structure of PVA is preserved

after the addition of PQDs. However, a gradual increase in

peak intensity is observed with increasing PQD content, sug-

gesting a slight enhancement in the degree of crystallinity.

This behavior can be attributed to the nucleating effect of

PQDs, which may promote more ordered packing of PVA

chains during film formation. No additional sharp diffraction

peaks corresponding to crystalline palladium or separate PQD

phases are detected, which can be explained by their low con-

centration and homogeneous dispersion within the polymer

matrix. This absence of distinct secondary phases confirms

that the PQDs are well integrated into the PVA network with-

out phase separation or aggregation(El-Shamy and Zayied,

2020; Gupta et al., 2009; Latif et al., 2024).

4. Oxygen barrier performance of PVA/PQDs nano-

composite films
The oxygen transmission rate (OTR) of pure PVA and PVA/

PQDs nanocomposite films is summarized in Table 2. The

films exhibited comparable thicknesses in the range of

approximately 97-99 μm, ensuring reliable comparison of bar-

rier performance across all samples. Pure PVA showed an

OTR value of 5.54 ± 0.8 cc/m²·day, indicating moderate resis-

tance to oxygen permeation, which is typical for hydrophilic,

semi-crystalline polymers. Upon incorporation of PQDs, a

substantial decrease in OTR was observed, demonstrating a

clear improvement in oxygen barrier properties. Specifically,

the OTR decreased to 1.84 ± 0.3, 1.23 ± 0.3, 1.08 ± 0.2, and

0.86 ± 0.1 cc/m2·day for PQD loadings of 0.1, 0.5, 0.7, and

1.0 wt.%, respectively. This progressive reduction in oxygen

permeability with increasing PQD content suggests a strong

Table 1. Comparison of UV-blocking performance of this study with our previous studies related to PVA/CQDs nanocomposite films

System
Optimum percentage 

(wt.%)
UV-Blocking Performance Reference

PVA/PQDs 1 UV-A blocking (>90%) This study

PVA/Tea Leaf-CQDs 3 UV-A blocking (∼70%)
(Department of Packaging & Logistics,

Yonsei University et al., 2025)

PVA/N-doped CQDs 1 UV-C blocking (Kim et al., 2025)

PVA/Ag-NCQDs 1 UV-B blocking (Ansari et al., 2025a)
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concentration-dependent barrier enhancement. The improve-

ment can be primarily attributed to the homogeneous dis-

persion of PQDs within the PVA matrix, which introduces a

more tortuous diffusion pathway for oxygen molecules. As a

result, gas molecules must travel a longer and more complex

route through the film, effectively reducing their transmission

rate.

In addition, the slight increase in the degree of crystallinity

(X
c
) observed with higher PQD incorporation may further

contribute to the enhanced barrier performance. Increased

crystallinity typically reduces the free volume within the poly-

mer matrix, limiting the mobility of gas molecules and thereby

improving resistance to permeation. The minimal variation in

film thickness among the samples indicates that thickness

effects on OTR are negligible, and the observed improve-

ments are mainly due to structural modifications induced by

PQDs. Overall, these findings demonstrate that the incor-

poration of PQDs significantly enhances the oxygen barrier

properties of PVA films, making them promising candidates

for active food packaging applications where controlled oxy-

gen permeability is essential for extending product shelf

life(Ansari et al., 2025b; Chen et al., 2020; Oh et al., 2024).

5. Antibacterial Performance
The antibacterial performance of pure PVA and PVA/PQDs

nanocomposite films was evaluated against both Gram-pos-

itive (S. aureus) and Gram-negative (E. coli) bacteria using the

disk diffusion method. The quantitative measurements and

example qualitative inhibition zones and corresponding quan-

titative measurements are presented in Figure 4. Pure PVA

films exhibited negligible antibacterial activity against both

tested strains, as evidenced by the absence of a clear inhibition

zone, confirming that PVA itself does not possess inherent

antimicrobial properties. In contrast, the incorporation of

PQDs resulted in a significant improvement in antibacterial

Fig. 5. XRD graph of PVA/PQDs nanocomposite films.

Table 2. Film thickness, crystallinity degree, and oxygen barrier

characteristics of PVA/PQDs nanocomposite films

Film Thickness 

(mm)

Crystallinity 

(X
c
, %)

OTR

(cc/m2.day)

Pure PVA 97 ± 1 28.6 ± 0.3 5.54 ± 0.8

PVA/PQDs 

(0.1%)
99 ± 2 29.7 ± 0.5 1.84 ± 0.3

PVA/PQDs 

(0.5%)
99 ± 1 30.9 ± 0.5 1.23 ± 0.3

PVA/PQDs 

(0.7%)
98 ± 2 31.8 ± 0.6 1.08 ± 0.2

PVA/PQDs 

(1.0%)
97 ± 3 32.9 ± 0.7 0.86 ± 0.05

*Values are expressed as mean standard deviation (n = 3)

Fig. 5. Antibacterial activity of PVA/PQDs nanocomposite films: a) quantitative measurements, b and c) qualitative measurements for

pure PVA and PVA/PQDs (1.0%) in S. aureus and E. coli, respectively. Error bars represent standard deviation from three independent

measurements (n = 3). 
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performance, with clear inhibition zones observed around the

nanocomposite films.

As the PQD loading increased from 0.1 to 1.0 wt.%, the

diameter of the inhibition zones progressively enlarged for

both S. aureus and E. coli, indicating a concentration-depen-

dent antibacterial effect. At the highest loading (1.0 wt.%), the

inhibition zones reached approximately 19.1 ± 1.1 mm for S.

aureus and 21.9 ± 1.2 mm for E. coli, demonstrating strong

antimicrobial activity. Notably, the nanocomposite films

showed slightly higher inhibition against E. coli compared to

S. aureus, which may be attributed to differences in cell wall

structure and susceptibility to reactive species. PQDs are

known to generate reactive oxygen species (ROS), which can

induce oxidative stress, damage bacterial cell membranes, and

disrupt intracellular components. Additionally, the small size

and high surface area of PQDs facilitate close interaction with

microbial cells, further contributing to membrane disruption

and leakage of cellular contents(Mou et al., 2023; Wang et al.,

2022; Wen et al., 2025). 

Surprisingly, these results were achieved by a very low con-

centration of PQDs. In comparison to our recent study on tea

leaf-derived CQDs, it has been observed that reaching an inhi-

bition zone of nearly 20 mm requires 3 wt.% of CQDs (Table

3)(Department of Packaging & Logistics, Yonsei University et

al., 2025). Thus, introducing PQDs and improving the syn-

thesis protocol of preparation of quantum dots significantly

improves the antibacterial properties of PVA nanocomposite

films.

Moreover, the observed dose-dependent behavior and

broad-spectrum activity against both Gram-positive and

Gram-negative bacteria highlight the potential of these nano-

composite films for use in active food packaging applications,

where microbial inhibition is essential for extending shelf life

and ensuring food safety.

Conclusion

In this study, PVA-based nanocomposite films reinforced

with PQDs were successfully developed using a simple and

effective synthesis approach. The incorporation of PQDs sig-

nificantly enhanced the overall performance of PVA films

without compromising their intrinsic structural integrity. The

nanocomposite films exhibited outstanding UV-shielding

capability, achieving near-complete blocking in the UV-B

region and substantial attenuation in the UV-A region while

maintaining high transparency in the visible range. Structural

analysis confirmed that PQDs were well dispersed within the

PVA matrix and contributed to a slight increase in crystallinity,

which positively influenced the material properties. In addi-

tion, the oxygen barrier performance was markedly improved,

with the OTR reduced by more than 80% compared to pure

PVA, owing to the formation of a tortuous pathway and

reduced molecular mobility. Importantly, the incorporation of

PQDs imparted strong antibacterial activity against both

Gram-positive and Gram-negative bacteria. The films demon-

strated significant inhibition against S. aureus and E. coli,

achieving inhibition zones of 19.1 mm and 21.9 mm, respec-

tively, at a low filler loading of 1.0 wt.%. This highlights the

high antibacterial efficiency of PQDs compared to conven-

tional CQD systems. These synergistic properties make this

system highly promising candidates for next-generation sus-

tainable and active food packaging applications. 
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