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This research paper reports an enhancement of thermal, optical, mechanical and antibacterial
activities of the Polyvinyl alcohol-Nanodiamonds (PVA-NDs) composite required for the food
packaging industry. The synthesis of composites was done by the wet processing method. The
large surface area of NDs facilitated the robust interaction between the hydroxyl group and
macromolecular chains of PVA to enhance the hydrogen bonding of PVA with NDs rather than
PVA molecules. Thus, a reduction in PVA diffraction peak intensity was reported. NDs improved
the thermal stability by preventing the out-diffusion of volatile decomposition products of PVA.
The results also revealed an enhancement in tensile strength (~60 MPa) and ductility (~180 %).
PVA-NDs composite efficiently blocked the UVC (100 %), most of the part of the UVB (~85 %
above 300 nm), and UVA (~58 %). Furthermore, enhanced antibacterial activities were reported
for PVA-NDs composite against E. coli and S. aureus. NDs accumulated around the bacterial cells
prevented essential cellular functions and led to death. Hence, this composite could be a prom-
ising candidate for safe, thermally stable, strong, flexible, transparent, UV- resistant antibacterial
food packaging material.
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1. Introduction

Plastic is vital to the food industry, comprising approximately 56 % of the materials used in food packaging. It contributes to
preserve food quality and guarantees food safety during its shelf-life. The list of essential properties includes versatility, economy,
functionality, ease of handling, lightweightness, and eco-friendliness. Conventionally utilized non-biodegradable petroleum-based
polymeric materials must be replaced with biodegradable ones due to serious health issues and environmental pollution during their
manufacturing and disposal [1-6]. Plastic food packaging accounts for over 40 % of total plastic waste worldwide, of which 24.9 % are
found in landfills. Although the collection of plastic waste is a slow process, it still poses a significant threat to life and environment of
ocean. Moreover, microplastics and other additives finally become part of animals or humans through the food chain [2,3,7,8]. Recent
research has confirmed the presence of microplastic (~240,000 particles per litre) in water bottles [9]. The demand to replace syn-
thetic plastic with innovative biodegradable polymers that have large mechanical strength, thermally stable, reasonable optical
transparency, UV resistant, antibacterial and antioxidant packaging materials is increasing [2,3,7,8,10].

For over a century, polyvinyl alcohol (PVA) has been known as one of the most highly produced synthetic biodegradable polymers
[11]. The exceptional properties of PVA include non-toxicity, high transparency, flexibility, biocompatibility, and chemical resistance
[10,12-17]. As a packaging material, PVA appears suitable for resolving environmental pollution problems and decreasing ecological
waste. However, inherent brittleness, limited thermal stability, poor UV protection, and ineffectiveness against bacteria impose
hurdles in its utilization [13,18,19].

PVA-nanocomposite is an excellent way to enhance traditional polymer properties without influencing their processability [20].
Recent studies have revealed the increasing demand for environmentally friendly, largely available and cost-effective nanofillers.
Nanodiamonds (NDs) are a physical modifier in polymer science [21]. The rich surface chemistry of NDs combined with superior
thermal, mechanical, optical, and electrical properties provide an excellent opportunity to design the NDs-matrix interface rationally
[22,23]. The air-oxidized NDs produce the most stable and uniform aqueous dispersion of PVA-NDs composite [24].

An important parameter to measure the product performance is thermal stability. Polymer thermal stability needs a low melting
temperature (Tm) compared to the thermal decomposition temperature (Td). However, PVA possesses Tm (~230 °C) approximately
equal to Td (~240 °C) due to high intermolecular and intramolecular hydrogen bonds [19,25,26]. Nanofillers such as Polyvinyl
pyrrolidone (PVP)/polyphenols [19], starch fibre [25], artificial marble [26], Soy protein/TiO; (Titanium dioxide) [4], etc., play a key
role in increasing the thermal resistance of PVA. However, most cases resulted in an unwanted effect on physicochemical charac-
teristics of PVA because of difficult and complex processing. Therefore, thermal stability with optimized mechanical properties has
remained a big challenge.

Different researchers tried to enhance both [4,26]. The PVA-NDs composite scaffolds were loaded at different concentrations of
NDs using the electrospinning method. The increasing concentration of NDs decreased the crystallinity and boosted the tensile strength
and modulus [27]. The results indicated improved thermal, mechanical, and anti-wear properties of PVA-NDs-boric acid [15]. The
3D-printed PVA-NDs composite experienced an enhancement of 200 % indentation modulus [28]. The PVA-NDs composite prepared
from the solution casting method reported higher Young’s modulus and tensile strength than pristine PVA [24].

Flexibility and tensile strength are important parameters in packaging. In most cases, an increased tensile strength decreased the
elongation at the breaking point [29-31]. However, overall enhancement in mechanical performance in both elastic and plastic re-
gions is rarely observed. Famkar et al. [32] reported enhancement in elongation at the breaking point and tensile strength of PVA by
inserting polydopamine-coated graphene oxide (GO). This research looked to obtain the same machinal performance with NDs
incorporation.

Natural and artificial UV lights induce photo-oxidation and photo-degradation in food products. The masking of UV radiation
preserves food components, especially vitamins. As a packaging material, PVA has poor UV resistance [13,33]. Different fillers such as
Zinc oxide (ZnO)/plant polyphenols/cellulose [10], Tannic acid [12], TiO,, waste hump [31], citrate-based fluorophores [33], pol-
yethyleneimine (PEI)- lignin contained cellulose nanofibers [18] were introduced to enhance UV barrier of PVA. Since NDs are
effective antioxidants and photostable UV filters, they can be introduced with TiO, and ZnO in sunscreen. Anti-UV properties were
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preserved even after long simulated solar radiation exposure [34].

Antibacterial packaging materials efficiently suppress bacterial growth, reduce food contamination, and enhance shelf life. Existing
research indicates the incorporation of different nanostructures such as GO, tri-tungsten (vi) oxide complex (WO3), nanorods, silver
(Ag), nanoparticles, and ZnO for improvement in antibacterial properties of PVA [17,35,36] [37]. There has been significant interest in
NDs as antibacterial material [23,38,39]. Carboxylated NDs (cND) demonstrated excellent antibacterial activity against E. coli.
Wehling et al. [40] studied NDs with six different oxygen-containing surface groups. The partially oxidized and negatively charged
surface of NDs and the anhydride group were responsible for good antibacterial activity against E. coli and B. subtilis. Similarly, cationic
polymer or methanol-modified NDs significantly suppressed S. aureus and E. coli growth [38]. Beranova et al. [41] correlated the
significant reduction of bacterial growth with NDs concentration. Low concentrations (5 pg/mL) were responsible for partial growth
inhabitation. In contrast, large concentrations (50 pg/mL) resulted in total growth inhibition.

This research attempted to improve the thermal, optical, mechanical (elastic and plastic region) and antibacterial activities of the
PVA matrix by incorporating NDs as nanofillers.

2. Materials and methods
2.1. Materials

PVA was purchased from Sigma-Aldrich. NDs were fabricated from an atmospheric pressure plasma system. The details were
mentioned in supporting information.

2.2. Synthesis of PVA-NDs composite

PVA-NDs composites were fabricated using a wet processing (solution casting) method. A stepwise process is explained in Fig. 1.

The concentrations of PVA and NDs are mentioned in Table 1. A colloidal solution was prepared by mixing NDs in DI (deionized)
water. For the PVA-NDs composite, 4 g of PVA (Fig. 1(a)) were dissolved into 100 ml of NDs colloidal solution (Fig. 1(b)). It was placed
on a magnetic stirrer under constant mechanical stirring. During this process, the temperature remained constant at 80 °C (Fig. 1(c)).
After 1 h, a clear and viscous solution was obtained and poured into the Petri dish for casting. An aluminium sheet was already placed
inside the Petri dish to remove the film easily. The homogeneous mixture was dried at 40 °C for 48 h (Fig. 1(d)). The prepared film was
easily peeled off using a speculum (Fig. 1(e)). An electronic digital micrometer was used to measure film thickness (~200 pm). The
final product was available for different properties evaluation (Fig. 1(f)).

The PVA thin film was fabricated by using the same procedure as described above. However, this time PVA (4 gm) was dissolved in
DI water (100 ml).

2.3. Characterization of PVA-NDs composite

Structural analysis was done by using X-ray diffractometer (PANAlytical X'Pert PRO Diffractometer with Cu-Ka radiation source).
The optical properties were examined with UV-visible spectroscopy (UVD-3200). Fourier Transform Infrared Spectrophotometer (FT/
IR-4100 type-A, Jasco) was used to identify functional groups. Thermal decomposition temperature was evaluated with a thermog-
ravimeter (TGA 50 Shimadzu, Japan). A sample was heated to 450 °C in a nitrogen environment (25 mL/min) at 10 °C/min. Thermal
behaviour was recorded using differential scanning calorimetry (DSC 60A Shimadzu, Japan) in a nitrogen environment (30 mL/min) at
10 °C/min. The tensile test was performed using an ultimate tensile tester (TIRA test 2810 E6) at 10 mm/min (strain rate). An
electronic digital micrometer was used to measure sample thickness. Three samples of each composition were used for each test,

Fig. 1. Complete experimental steps followed for PVA-NDs composites film fabrication (a) PVA, (b) NDs colloidal solution, (c) stirring and heating,
(d) drying, (e) peeling off and (f) final product.
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Table 1
PVA and NDs concentration.
Sample PVA (%) NDs content (mg/ml)
PV 4 0
PND1 0.002
PND2 0.004
PND3 0.008
PND4 0.016

satisfied by ASTM D882-00. For antibacterial testing, Escherichia Coli, E. coli, (ATCC No. 25922) and Staphylococcus Aureus, S. aureus,
(ATCC No. 25923) were procured from University of Veterinary and Animal Sciences, Lahore, Pakistan. The broth microdilution
method was selected to find the minimum inhibitory concentration (MIC). The details are discussed earlier [42].

3. Results and discussion
3.1. XRD analysis

XRD patterns for PVA-NDs composites are displayed in Fig. 2. Pure PVA exhibited a strong crystalline reflection at 26 = 19°
representing a characteristic peak (101) from a monoclinic unit cell. A broad hump around 26 = 40.4° belongs to (202) reflection of
PVA. The semicrystalline nature of PVA is confirmed by strong intermolecular and intramolecular hydrogen bonding between the
polymer chains [43-48]. XRD patterns of PVA-NDs composite also show only one major peak (20 = 19°). However, addition of NDs
reduced PVA diffraction peak intensity. This is true for all samples(PND1 to PND4). It suggests an enhancement in the amorphous
nature of polymer nanocomposite due to the disruption of the PVA crystallinity [24,43-45]. The suppression of PVA crystallinity is
related to destroying the order packing of macromolecular chains and making amorphous-type bound layers around the NDs. The
steric hindrances induced by NDs decreased the quantity of intact crystalline region within the composite to restrict the crystallization.
The large specific surface area of NDs and strong hydrogen bonding led to trapping the PVA molecules onto NDs. As a result, PVA’s
regular planar zigzag symmetry was destroyed and converted into an amorphous structure on the interfacial region of NDs. Therefore,
the overall crystalline structure of PVA decreased [49]. Zhang et al. [46] reported similar results. Low diamond contents in the polymer
matrix (PND1, PND2, PND3) did not exhibit any additional peak for a diamond. This suggests that the NDs were fully intercalated
without restacking together and homogeneously dispersed into the PVA matrix. However, a very small peak (26 = 41.2°) appeared for
sample PND4, at the highest NDs concentration (inset Fig. 2), which might be related to the (100) plane of Lonsdaleite diamond
(JCPDS No 19-0268) [22,39,50,51].

Table S1; Table S1 describes the XRD results of the PVA-NDs composite. Scherrer formula was used to calculate the average
crystallite size of PV(16.9 nm), PND2 (9.1 nm) and PND4 (9.76 nm) [supporting information]. The increasing concentration of NDs
pronounced the decrement in crystallinity. The decrease in the intensity of the crystalline phase (101) accompanied by the increase in
the broadness of the peak [supporting information] indicates the change in the ordered packing of the main chain of the polymeric
molecules. This signifies the amorphousness in the PVA matrix [43,44,52].

3.2. TGA analysis

The TGA thermograms of both pristine PVA and PVA-NDs composites are presented in Fig. 3(a). Three phases of pristine PVA
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Fig. 2. XRD patterns of PVA-NDs composites. inset is an enlarged image of the diamond peak.
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thermal degradation were observed. The first stage (50-150 °C) was related to removal of water molecules, second stage (150-350 °C)
was involved in

the thermal degradation of side groups (the loss of hydroxyl group (-OH) in the form of water) and third stage (350-450 °C) was
ascribed to main chain scission (cleavage of C-C bond known as carbonization). Significant weight loss of up to 80 % occurred in the
last two stages [53,54]. Polymer composites follow the same dehydration and depolymerization process of weight loss but at different
temperature ranges. TGA analysis confirmed that the integration of NDs changes the dynamics of PVA. The details of the thermal
decomposition temperature and mass loss of the PVA-NDs composites are given in Table S2.

Fig. 3(b) shows the first-order derivatives of TGA curves, representing the temperature at which the maximum mass decrease
occurs. The results indicated that the peaks of the first and second decomposition stages became intense and shifted towards higher
temperatures after NDs incorporation. A similar trend is observed for all NDs concentrations (PND1 to PND4). Furthermore, the in-
crease in NDs content reduced the high rate of weight loss. Thus, the degradation due to chain stripping or condensation of OH
functional groups became slower [22,31]. Meanwhile, the third stage followed the same pattern as the previous stages [43]. The onset
temperature of the thermal degradation of the PND4 was 74.26 °C higher than that of pure polymer, PV (Table S2). NDs acted as a
barrier, restricting the release of volatile decomposition products in the composites [45]. Hence, a significant enhancement in thermal
stability is achieved by the addition of NDs.

Fig. 3(c) shows the relationship between thermal decomposition temperature (Td) with respect to NDs content. An improvement in
Td (~320 °C) was observed for PVA-NDs composite (PND1) compared to pristine polymer, PV. This enhancement in thermal stability
can be related to the reduced mobility of the PVA chains in the nanocomposite. The chain transfer reactions were restricted, and the
degradation process slowed down [55]. However, a small decrease in Td (~305 °C) for PND2 might be related to a slight improvement
in crystallinity compared to PND1 (XRD analysis). Further increase in NDs concentration (PND3) increased the Td (~318 °C).
Maximum Td (~363 °C) was reported for PND4. Thus, the decomposition takes place at a higher temperature. Heat transfer from an
external source encouraged the thermal decomposition of the polymer. However, the accumulation and reassembly of NDs on the
surface of the polymer acted as a mass transport barrier for the escape of volatile products during decomposition [56].
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Fig. 3. (a) TGA thermograms, (b) DTG curve and (c) variation of thermal decomposition temperature of PVA- NDs composites.
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3.3. DSC analysis

DSC thermograms for PVA-NDs composite are shown in Fig. 4(a). The endotherms assigned the glass transition temperature (Tg)
and Tm of pure polymer, PV, around 127 °C and 189 °C, respectively. However, with the increase in NDs content, a significant
enhancement in Tg and a slight change in Tm were observed, as reported earlier [57]. NDs disturbed the ordered packing of polymer
chains by steric effect and hydrogen bonding. As a result, the short and simple hydroxyl groups became longer, making the crystalline
structure rigid and decreasing the crystallinity [55].

Fig. 4(b) presents the variation of Tg with respect to the NDs content. The decrease in Tg at lower NDs concentration (PND1, PND2)
might be related to the interaction of NDs with crystalline regions without affecting the amorphous region of PVA [58]. Lower con-
centrations increased the space between polymer chains. Thus, polymer chains can move freely over one another even at lower
temperatures. The improvement in Tg from 127 °C to ~155 °C at higher NDs concentrations (PND3, PND4) might be attributed to
higher chain compactness due to the interaction between PVA and NDs, which restricted their thermal actions [55,59]. The degree of
crystallinity of PVA composites was calculated using equation (1) [52].

AH,,
_ 1
x “wAH? m

Where w is the weight fraction of the PVA composite, AHy, is the heat of fusion at the melting point, and AHY is the heat of fusion of
100 % crystalline PVA (~139J/g).

A variation in percent crystallinity with the increase in the NDs content is shown in Fig. 4(c). The lowest NDs (PND1) slightly
improved (~1 %) the percent crystallinity. The depression of Tm and the broadening of the melting endotherm at higher ND con-
centrations (PND2, PND3, PND4) indicated the dominance of the amorphous phase [28]. The interaction between the functional
groups of NDs with PVA hindered the crystallization process. An increase in hydrogen bonding between PVA and NDs disturbed the
regularity of polymer chains [54]. XRD results also support the decrease in polymer crystallinity with NDs content.
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Fig. 4. (a) DSC thermograms, variation of (b) Glass transition temperature and (c) Percent crystallinity of PVA -NDs composites.
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The thermal analysis is summarized in Table S2. It is revealed that a small amount of NDs acted as effective degradation-resistant
reinforcement in the PVA matrix, leading to the enhanced thermal stability of the composite. The interactions restricted the macro-
molecule’s thermal action while increasing the rigidity of the macromolecular chain and increasing the energy required for movement
and breakage of the polymeric chain [55]. The obstruction of decomposition was further confirmed with the enthalpy, indicating more
heat absorption in the composite compared to the pristine PVA [58]. The results also indicated that the Tm was far below the Td of
PVA. Therefore, the excellent melt processing ability of PVA-NDs makes them a potential candidate for the packaging industry, mainly
food packaging [57].

An enhancement in electrical conductivity was also observed due to restricted segmental motions of the polymer chains. The details
are mentioned in the supporting information.

3.4. Tensile behaviour of tensile strength of the nanocomposite

The stress-strain curves of the PVA composite at various NDs content are illustrated in Fig. 5(a). The stress-strain curves of the
composite exhibited a similar trend to that of PVA but at a different magnitude. Compared to pure PVA, an increment in tensile
strength and elongation at break was observed with the addition of NDs in the PVA matrix, especially for PND4. These results are in
agreement with Famkar et al. [32]. Significant thermal stability, as suggested by DSC and TGA results, indicated high tensile strength
of bonding. Therefore, an increase in melting enthalpy positively affects the mechanical properties of PVA [58].

Fig. 5(b) shows the variation of tensile strength and elongation at break for different NDs content. High mechanical strength
suggests that the small size and uniform dispersion of NDs attained a large interfacial area, resulting in a strong interaction between
PVA and NDs. The covalent cross-linking with NDs restricts the mobility experienced by the polymer chains in the composite that had
an electrostatic attraction with other polymer chains [60]. The application of tensile stress resulted in mechanical interlocking due to
the pulling-out phenomenon. Finally, the dissipated energy increased the mechanical strength [18].

An increasing trend in elongation at break with an increase in NDs contents is depicted in Fig. 5(c). The PVA chains experienced
lesser flexibility due to the nanoconfinement of the NDs. A large cohesive force is associated with NDs. The applied stress changed the
alignment of NDs and relaxed the PVA chains. The enhancement in elongation indicates that NDs are oriented in the direction of
applied stress, resulting in efficient interfacial stress transfer [61]. NDs interfaced the hydrogen bonds and van der Waals forces be-
tween the PVA chain, making it more flexible. PVA chains elongate without creating cavitation at the interface of the PVA and NDs
[62]. Thus, the required key parameters for food packaging, such as large tensile strength and ductility, are obtained at the highest NDs
concentration.

3.5. UV visible spectroscopy

Fig. 6(a) illustrates the UV vis absorption spectra of the PVA-NDs composite. The pure PVA films exhibited ~80 % transparency
across the visible region. Pure PVA exhibited an absorption peak of ~250 nm. It is related to * —x* electronic transitions of unsaturated
carbonyl bonds of PVA polymer [58]. The increased NDs content decreased the transparency of the composite, which confirms the
presence of NDs within the PVA matrix. The NDs filled up the free spaces within the polymeric chains and reduced the light trans-
mission [18,63]. Also, NDs completely blocked UV (200-300 nm) for higher concentrations (PND3 and PND4). The NDs effectively
reduce transparency in UVC (0 %), UVB (~85 % above 300 nm), and UVA(~58 %) while maintaining more than 50 % transparency in
visible to IR region (400-800 nm). The anti-UV characteristics of NDs can be related to their high refractive index and graphitic shell,
which are responsible for the scattering and absorption of UV radiation [34].

Fig. 6(b) shows the variation in the band gap of the PVA composite by varying NDs content. The band gap was calculated using the
Tauc relation. A reduction in band gap (5.35-4.05 eV was observed with the enhancement in NDs content. NDs might be responsible
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Fig. 5. (a) Stress-Strain curves, variation of (b) tensile strength and (c) elongation at break of PVA-NDs composites.
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Fig. 6. (a) UV visible spectra and (b) Tauc plot of PVA-NDs composites.

for the creation of defect states between the highest occupied molecular orbital (HOMO) and lowest occupied molecular orbital
(LOMO). These localized electronic states formed trapping and recombination centers. Hence, enhancing the low energy transitions
resulted in the optical band gap change. The decrease in optical band gap can also reflect an increasing degree of disorder in the films
due to changes in the polymer structure. This might be related to local cross-linking within the amorphous phase of the PVA [64,65].
The XRD and DSC results also support these results. These anti-UV characteristics and large transparency must be useful in the food
packaging industry.

3.6. FTIR analysis

The FTIR spectra of PVA-NDs nanocomposite are shown in Fig. 7. The intense and broad absorption of ~3000 cm ™! corresponded
to the CH group of PVA. The band ~2080 cm ™! and 1620 cm ™ are related to OH group [50]. The bending/deformation CH, band and
stretching C-C were found around 1429 cm ™!, 1384 cm ™! and 1268 cm™! [43]. The crystallinity of PVA was ascribed by a 1108 cm ™
peak and is associated with the carboxyl stretching band (C-O). However, the peak around 1540 cm™! might be related to the
stretching vibration of C=C of the remaining nonhydrolyzed vinyl acetate group of PVA. They might also be related to carboxylate
moieties (COO ™) [43,49,53]. The 1090 cm ! might be assigned to the stretching vibration of C-O and the bending vibration of the OH
group from an amorphous PVA sequence [49]. Small bands ~400-675 cm ™! confirmed the CH vibrations [66]. FTIR spectrum of NDs is
shown as Fig. S3 (supporting information). The adsorption of water molecules on NDs surface is confirmed by the dominance of the OH
group (3441 cm™?, 2080 cm~},1620 cm ™) in the FTIR spectrum. Table S3 lists the FTIR peaks and their assignments for the pure PVA,
NDs and PVA-NDs composite.

Intense alteration in hydrogen bonding between PVA molecules is reflected by modification in the position and shape of the band
[53]. The rich surface chemistry of NDs allowed the strong interaction between the surface functional groups of NDs and the polymer
matrix. The small shift and band shape or intensity alteration is attributed to the change in the nearest surrounding functional groups
[43-45,47,59]. The large surface area of NDs may allow strong interaction of the OH group with the macromolecular chains of PVA,
form an interfacial layer on their surface and result in a blue shift (3000-3053 cm ™) with respect to pure PVA [67]. The reduction in
the intensity of the OH band after incorporating NDs reveals the improvement of hydrogen bonding of PVA with NDs rather than PVA
molecules itself [53]. The broadening of the OH band confirms that the increase in NDs concentration decreases the intermolecular
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Fig. 7. FTIR spectra of PVA-NDs composites.
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interaction between chains and causes expanded space between them [44]. It confirms the interaction of NDs with OH groups of PVA
with NDs through hydrogen bonding. Incorporating NDs suppresses the polymeric chain mobility within the host polymer matrix,
causing a reduction in relative percent transmittance [68,69]. The C-O stretching vibration peak ~1105 cm ! of the PVA backbone
keeps on decreasing with increasing NDs. It supports the previous arguments (XRD and DSC) that NDs in nanocomposite enhance the
amorphous zone [19].

3.7. Antibacterial activity of PVA-NDs composite

Fig. 8 (a, b) displays results from the microdilution broth method testing the PVA-NDs composites against S. aureus and E. coli. The
first row is the control (without any antibiotics). Rows second to six show PVA-NDs composite with different ND concentrations. The
MIC of the composite was determined by identifying the lowest NDs concentration that showed no antibacterial activity while keeping
the PVA concentration fixed.

Fig. 9 shows the effect of NDs content on MIC. The PVA without NDs failed to perform the antibacterial activity. However, PVA-NDs
composites were effective for both bacterial strains, S. aureus and E. coli. A larger amount of NDs expedites the reduction of bacteria as
discussed earlier [59]. This might be related to the physicochemical properties (size and presence of functional groups (O-H, C-0O)) of
NDs. It was assumed that NDs surround the bacterial cells and block essential cellular functions. Functional groups act as efficient
catalysts in deforming bacteria cell membrane proteins. As a result, defects are formed in the bacteria cell wall required for good
surface contact [41,50]. Beranova et al. [41] utilized low concentrations (5 pg/mL) for partial (~25 %) and large concentrations (~50
pg/mL) of NDs for total growth inhibition. This research work reported fairly a smaller concentration (~16 pg/mL) for total bacterial
growth inhibition.

A slightly lower concentration of NDs was enough to sterilize E. coli bacteria compared to S. aureus (Fig. 9). The higher antibacterial
efficacy of NDs against E. coli was related to the thinner peptidoglycan layer. The interaction of NDs produced a nanoscale hole in the
cell membrane and finally led to the destruction of the cell wall. In the case of S. aureus, the thick peptidoglycan layer (~50 % to gram-
negative) required more NDs concentration [38].

4. Conclusions

Solution casting methods have fabricated PVA-ND composites. Various diagnostic techniques have investigated the structural,
thermal, mechanical, optical and antibacterial properties of composite. In the PVA-NDs composite, NDs restricted the macromolecular
motion and decreased the PVA crystallinity. A higher thermal decomposition temperature (~363 °C) compared to melting temperature
(~188°C) confirmed the excellent thermal stability of PVA-NDs. The large surface area of NDs improved the hydrogen bonding of PVA
with NDs rather than PVA molecules, enhancing tensile strength (~60 MPa) and ductility (~180 %). The PVA-NDs composite effi-
ciently blocked UVC (100 %), most of the part of UVB (~85 % above 300 nm), and UVA (~58 %). The anti-UV characteristics of NDs
can be related to their high refractive index and graphitic shell, which are responsible for the scattering and absorption of UV radiation.
The PVA-NDs were effective against E. coli and S. aureus. However, NDs exhibited more resistance towards E. coli. PVA-NDs composite
appeared promising for thermally stable, strong, flexible, UV-resistant antibacterial food packaging material.
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