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ABSTRACT

Hydrothermally synthesized magnesium oxide (MgO) nanoflakes (NFs) were developed as functional nanofillers for biodegradable active
food packaging. X-ray diffraction confirmed a face-centered cubic crystal structure with an average crystallite size of 21.5 nm, while transmission
electron microscopy revealed a flake-like morphology with particle sizes of 90-110 nm. The MgO NFs exhibited concentration-dependent
antibacterial activity against Staphylococcus aureus and Escherichia coli, with greater susceptibility observed for E. coli. Toxicity assessment
using Artemia salina nauplii and RAW 264.7 macrophage cells demonstrated excellent biocompatibility without significant cytotoxicity up to 50
pg mL™'. Surface-functionalized MgO, modified with 3-(glycidyloxypropyl)trimethoxysilane, was incorporated into polylactic acid/curcumin
(PLA-CRU) films at 1-3% via solvent casting. FTIR, XRD, and SEM analyses confirmed improved interfacial compatibility, enhanced
crystallinity, and uniform nanoparticle dispersion within the polymer matrix. The PLA-CRU-3% F-MgO film exhibited complete inhibition of

both bacterial strains and the highest antioxidant activity. During grape storage, the nanocomposite films reduced weight loss, maintained pH and



titratable acidity, preserved antioxidant capacity, and effectively delayed fruit deterioration. Overall, the PLA-CRU-3% F-MgO nanocomposite

demonstrates strong potential as a biodegradable active packaging material for extending the shelf life and microbiological safety of fresh fruits.

Keywords: Magnesium oxide nanoflakes, Silane-functionalized MgO, PLA—curcumin nanocomposite, Active food packaging, Antibacterial

films, Shelf-life extension

I. INTRODUCTION

Nanotechnology has become a key area of materials science due to its wide applications in medicine, energy, and environmental fields
[1-3]. Nanoparticles (NPs) exhibit enhanced reactivity and unique optical, electronic, and biological properties because of their high surface-to-
volume ratio and tunable physicochemical characteristics [4]. These properties make nanoparticles suitable for advanced technological and
biomedical applications [5]. The synthesis method determines the structural and functional properties of nanoparticles [4]. Among various
approaches, hydrothermal synthesis produces well-defined nanostructures with controlled morphology under mild conditions [6—8]. Metal oxide
nanoparticles, including copper oxide (CuO) [9], zinc oxide (ZnO) [10], titanium dioxide (Ti0:) [11], calcium oxide (CaO), and magnesium oxide
(MgO) [7, 8], serve important roles in catalysis, environmental remediation, and biomedical applications.

The MgO nanomaterials (NMs) attract significant attention due to their high surface area, thermal stability, low toxicity, and cost-
effectiveness [12]. MgO NPs exhibit antibacterial activity, photocatalytic dye degradation, and cytocompatibility through reactive oxygen species
generation and Mg?" ion release [12]. MgO nanoflakes (NFs) provide enhanced surface reactivity and functional performance because of their

two-dimensional morphology and high aspect ratio. Recent studies demonstrate the potential of MgO NMs in photocatalytic degradation and



biomedical applications [12]. However, morphology, particle size, and surface characteristics strongly influence their performance. Most studies
focus on conventional MgO NPs, while limited research investigates hydrothermally synthesized MgO NFs. Comprehensive studies that
simultaneously evaluate structural, photocatalytic, and biological properties remain scarce. In addition, the relationship between nanoflake
morphology and multifunctional performance remains unclear, and inconsistent antibacterial and toxicity results require further investigation.

Polylactic acid (PLA) is a prominent bio-based, biodegradable thermoplastic polyester produced by the polymerization of lactic acid
derived from the microbial fermentation of renewable biomass feedstocks, including corn starch and sugarcane.[13]. PLA exhibits good
mechanical strength and thermal processability, which support its use in packaging, textiles, and 3D printing [14]. However, PLA shows
brittleness, weak antibacterial activity, and poor antioxidant properties, which limit its application in food preservation [15]. Researchers improve
PLA performance by incorporating NPs and bioactive compounds. Curcumin (CRU), derived from Curcuma longa, exhibits antioxidant, anti-
inflammatory, and antimicrobial properties. However, poor solubility and bioavailability limit its direct application [16]. Incorporation of CRU
into PLA improves crystallinity and enhances food shelf life and safety [17, 18].

The NPs act as effective fillers in biodegradable polymers to enhance antibacterial, barrier, and mechanical properties [18]. However,
direct incorporation of metal oxide NPs causes aggregation due to poor interfacial compatibility. Surface functionalization using silane coupling
agents improves dispersion, reduces agglomeration, and enhances composite performance, although such strategies remain underexplored. Dowan
Kim et al. demonstrated that KH570-functionalized ZnO improved barrier and antibacterial properties in polymer composites [19]. The (3-

Glycidyloxypropyl)trimethoxysilane (GPTMS) is a bifunctional silane coupling agent widely used to improve the interfacial adhesion and



dispersion of inorganic nanomaterials in polymer matrices [20]. Heydari et al. reported that GPTMS-mediated covalent functionalization of ZnO
nanoparticles with chitosan enhanced biocompatibility toward L1929 fibroblast cells at a concentration of 50 pg mL™" [21]. Moreover, GPTMS

surface modification has been shown to improve the antibacterial performance of ZnO nanoparticles [22-24].

In this study, MgO nanoflakes were synthesized via a hydrothermal method to obtain materials with enhanced antibacterial, biocompatible,
non-toxic, and photocatalytic properties. The synthesized MgO nanoflakes were surface-functionalized and incorporated into a polylactic acid—
curcumin (PLA—CRU) matrix. PLA-CRU-MgO composite films were subsequently fabricated using a facile solution-casting technique. The
structural, morphological, and functional properties of the composite films were investigated, and their antibacterial efficacy against both Gram-
positive and Gram-negative bacterial strains was evaluated. This work aims to develop sustainable bioactive packaging materials with improved

antimicrobial performance for potential food-packaging and biomedical applications.

2. MATERIAL AND METHODS
2.1. Chemicals

The magnesium nitrate hexahydrate (Mg(NOs).:6H20) and polyethylene glycol (PEG Mn:200) were procured from Merck (India). The
chloroform (CHCIs), ethanol (99.9%), methylene blue (CisHisCIN3S), Sodium hypochlorite (NaOCl) solution, and sodium hydroxide pellets
(NaOH) were obtained from SRL (India). (3-Glycidyloxypropyl)-trimethoxysilane (GMT) was sourced from Sigma-Aldrich (USA).

Ciprofloxacin (CIP; 5 mg), and Phenolphthalein indicator were obtained from HiMedia Laboratories Pvt. Ltd., Mumbai, India. Polylactic acid



(PLA) pellets (grade 4043D) were procured from Natur-Tec India Pvt. Ltd., India. Fresh table grapes (Vitis vinifera L.) used for the packaging
study were purchased from a local commercial market in Karaikudi, Tamil Nadu, India. Deionized (DI) water was used throughout all
experiments.

2.2. Hydrothermal Synthesis of Magnesium Oxide Nanoflakes (MgO NFs)

The magnesium oxide nanoflakes (MgO NFs) were synthesized via the hydrothermal method. A 0.1 mM of magnesium nitrate was
prepared with 400 mL of DI water and stirred for 30 min. Then, 20 g of PEG was slowly added to the magnesium nitrate solution and stirred
continuously for 30 min. Subsequently, 400 mL of 0.1 mM NaOH was added dropwise into the magnesium nitrate solution under constant stirring
at room temperature (37 °C) for 1 h. The resulting mixture was transferred to a 1 L Teflon-lined autoclave sealed with a stainless-steel screw-
type lid. The autoclave was heated at 180 °C for 12 h in a hot air oven. After cooling, the sample was collected and centrifuged at 5000 rpm. The
precipitate was washed several times with DI water, followed by ethanol. The collected precipitate was dried at 60 °C overnight in a hot air oven

and subsequently calcined at 400 °C for 4 h (Scheme 1A).

2.3. Functionalization of MgO NFs (F-MgO)
The 1 g of MgO NFs was dispersed in 1000 mL of DI water and stirred at 37 °C for 1 h. Subsequently, 1 g of GMT silane coupling agent
(used as a compatibilizer) was added, and the mixture was stirred for an additional 24 h. Then, the product was centrifuged at 5000 rpm Further,

received samples was washed three times with DI water and dried at 60 °C. The obtained functionalized MgO (F-MgO) was stored in a desiccator

(Scheme 1B).



2.4. Fabrication of PLA, PLA-CRU, and PLA-CRU-F-MgO nanocomposite films via the solvent casting method

Initially, 4 g of PLA was gradually dissolved in 100 mL of CHCIs under continuous stirring for 1 h, followed by further stirring at 37 °C
for 5 h until complete dissolution (Scheme 1C). For PLA—CRU films, 2% CRU (relative to PLA weight) was first dissolved in 100 mL of CHCls
for 1 h (Scheme 1D), after which 4 g of PLA was added and stirred vigorously for 1 h, followed by an additional 5 h of stirring at 37 °C. For the
preparation of PLA—CRU-F-MgO nanocomposite films, varying contents of F-MgO (1, 2, and 3% relative to PLA weight) were incorporated
into the CRU solution (Scheme 1E). Each mixture was sonicated for 2 min to ensure uniform dispersion. Subsequently, 4 g of PLA was added to
the CRU-F-MgO mixture and stirred vigorously for 1 h, followed by stirring at 37 °C for 5 h. Finally, 16 g of the resulting solution was cast into
a glass Petri dish (90 mm x 15 mm) and dried at 37 °C for 72 h. The obtained films were peeled off and conditioned at 25 °C and 50% relative

humidity (RH) for 72 h.

2.5. Characterization

The phase purity and crystalline size of MgO nanoflakes (NFs) were analyzed using X-ray diffraction (XRD) in the 20 range of 10° to 80° using
a diffractometer system (XPERT-PRO, PANalytical). Optical analysis was performed between 200-800 nm with a JASCO V-750 UV-Vis
spectrometer (Jasco 9 International Co., Ltd., Tokyo, Japan) Fourier transform infrared spectroscopy (FT-IR) analysis was conducted in the range
of 4500-500 cm™ using a BRUKER (ALPHA II) instrument. The morphology and topography of MgO NFs and nanocomposite films were
characterized by scanning electron microscopy (SEM) (TESCAN VEGA3 XMU), while elemental composition was examined using energy-

dispersive X-ray spectroscopy (EDX). The morphology and particle size of the MgO NFs were analyzed using high-resolution transmission



electron microscopy (HR-TEM) with a Tecnai G2 20 S-TWIN TEM at 200 kV. X-ray photoelectron spectroscopy (XPS) was performed with a
VERSAPROBE III instrument, using a monochromatic Al Ka X-ray source with a 15 pm beam size.

2.6. Antioxidant activity

2.6.1. DPPH activity

For testing the radical scavenging effect, the DPPH test was performed by wrapping the film (40 mg thick, 2 cm x 2 cm) tightly in 5 mL
of ethanol and then shaking for 30 min at 25 °C (the film was kept completely submerged). The mixture was then centrifuged at 6000 rpm for 10
min to obtain the supernatant. 1 mL of the supernatant was then added to 3 mL of 0.2 mM DPPH in ethanol and incubated for 30 min in the dark.
After 30 min, the absorbance of each sample was measured at 517 nm using a UV-visible spectrophotometer. To calculate the amount of DPPH
cleared, 1 mL of 0.2 mM DPPH in ethanol and 3 mL of ethanol were mixed for 30 minutes in the dark and their absorbance was measured at 517
nm, and finally 1 mL of supernatant was added to 3 mL of ethanol and incubated for 30 minutes in the dark and their absorbance was measured
at 517 nm, then using the equation (Eq.1.) to determine the amount of DPPH radical clearance.

DPPH (%) = (A1 - A2)/A3 x 100 e (1)

where Al is the absorbance of the film and DPPH, A2 is the absorbance of the film and ethanol, and A3 is the absorbance of DPPH and

ethanol [25].



2.6.2. ABTS activity

For the ABTS radical scavenging assay, ABTS solution (7.4 mmol L") was mixed with potassium persulfate (2.6 mmol L") ina 1:1 (v/v)
ratio and incubated in the dark for 12 h. The resulting solution was diluted with ethanol to obtain an absorbance of 0.70 + 0.02 at 734 nm.
Subsequently, 100 pL of the sample was mixed with 1 mL of the diluted ABTS solution and incubated in the dark for 6 min. The absorbance was
then recorded at 734 nm using a UV—Vis spectrophotometer

(A1). Ethanol (100 puL) was used as the control

(Ao). The ABTS radical scavenging activity was calculated using Eq. (2).

ABTS (%) = (A0 — A1)/A0 x 100 —emeeeeee (2)

where A1 was the absorbance of ABTS of the test film, and AO was the absorbance of ABTS of the blank film [25].
2.76. Antibacterial activity

2.7.1. Antibacterial activity of MgO NFs

The antibacterial effect of MgO NFs was assessed using the agar disk diffusion method against Staphylococcus aureus and Escherichia
coli. Bacterial cultures were grown in nutrient broth (37 °C, 24 h), spread on nutrient agar plates, and 6 mm disk were filled with MgO NF
solutions (NC, 300, and 500 pg). Ciprofloxacin (5 mg) served as the positive control. After incubation (37 °C, 24 h), inhibition zones were

measured. All tests were conducted in triplicate, and mean values were reported.



2.7.2. Antibacterial activity of nanocomposite films

Antibacterial tests on PLA, PLA-CRU, PLA-CRU-1%-F-MgO, PLA-CRU-2%-F-MgO, and PLA-CRU-3%-F-MgO nanocomposite films
were conducted following the JIS Z 2801 standard with a slight modification. S. aureus and E. coli were cultured on tryptic soy and MacConkey
agar (38 °C, 24 h), and a single colony was transferred to nutrient broth. Sterilized all composite films (5 cm x 5 cm) were inoculated with 0.4 mL
bacterial suspension, covered with sterile polyethylene film, and incubated (37 °C, 24 h). After washing with saline, serial dilutions of the bacterial
suspensions were plated via the drop method onto agar plates and incubated (37 °C, 48 h) to assess antibacterial activity [26]. The antibacterial
activity (R) was determined by calculating the bacterial colony-forming units (CFUs) using the following equation (Eq. 3):

R(%)=B-C/Bx100 e 3)

where B is the CFU in the control group, and C is the CFU in the treated group after 24 h. All experiments were conducted in triplicate to

ensure reproducibility.



2.8. Cell culture and cell viability assay

RAW 264.7 macrophage cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) at 37 °C in a humidified incubator containing 5% CO.. The cells were seeded into 96-well plates at a density of 5 x 10* cells mL™
and incubated for 24 h. The culture medium was then replaced with fresh medium containing either the control or MgO nanoflakes (MgO NFs)
at concentrations of 0.1, 0.5, 1, 5, 10, 25, and 50 ug mL™", followed by incubation for an additional 24 h. Cell viability was determined using the
EZCytox assay kit (DoGenBio, Republic of Korea), and the absorbance was measured at 450 and 600 nm using a microplate reader (Epoch 2,

BioTek, USA).

2.9. In vitro toxicity activity of MgO NFs tested against A. salina nauplii

One gram of Artemia salina cysts was added to 1000 mL of sterilized seawater (29 ppt) at 30 °C, with aeration under 1500 LUX light
intensity. After 24 h, healthy nauplii were collected for experimental studies. A 12-well plate was prepared, each well containing 2 mL of seawater
and then (n = 20) 4. salina nauplii. MgO NFs were dispersed in seawater using ultrasonic vibration (100 W, 30 kHz) for 30 min. Different
concentrations of MgO NFs (0.25, 0.50, 0.75, and 1.00 ug/mL) were added to the wells. The setup was aerated to maintain the volume, and the
plate was incubated at room temperature. Nauplii mobility and lethargy were observed, with mortality recorded at 12 and 24 h intervals. The
mortality rate for MgO NFs was calculated and compared to the control using the percentage mortality formula (Eq. 4).

% Mortality = Number of dead organisms / The initial number of live organisms x 100



2.10 Application of film for grape preservation

Fresh table grapes (Vitis vinifera L.) were procured from a local commercial market and transported to the laboratory within 2 h. Damaged,
infected, cracked, shriveled, or defective grapes were discarded. The selected grapes were washed with distilled water, surface-sanitized by
immersion in 0.1% (v/v) sodium hypochlorite solution for 2 min, rinsed three times with sterile distilled water, and air-dried under aseptic
conditions. Uniform grapes (15 g per package) were randomly assigned to five treatment groups: PLA, PLA—CRU, PLA—CRU-1% F-MgO,
PLA—CRU-2% F-MgO, and PLA-CRU-3% F-MgO. Each package was heat-sealed with the corresponding biodegradable film at 120-130 °C
for 3-5 s. The packaged grapes were stored in a Biological Oxygen Demand (BOD) incubator (Model 560 BOD, Biolab Scientific Ltd., Markham,
ON, Canada) at 25 £ 2 °C and 50 + 5% relative humidity for 15 days. Samples were analyzed at 0, 3, 6, 9, 12, and 15 days for weight loss, pH,
titratable acidity, and DPPH radical scavenging activity. Changes in the external appearance of the grapes were recorded photographically

throughout the storage period.[27, 28].

2.10.1. Visual Appearance Evaluation

The visual quality of grapes packaged with PLA, PLA-CRU, PLA—CRU-1% F-MgO, PLA-CRU-2% F-MgO, and PLA-CRU-3% F-MgO films
was monitored during storage. Representative photographs were taken at 0, 3, 6, 9, 12, and 15 days under identical lighting conditions to assess

changes in color, shriveling, fungal decay, and overall appearance.

2.10.2. Weight loss



The weight of each packaged grape sample was measured at 0, 3, 6,9, 12, and 15 days using a digital analytical balance (+0.001 g). The percentage
weight loss was calculated using Eq. (5):

Weight loss (%) = W0 — Wt/W0 x 100 --- (5)

where Wo is the initial weight (g) and W; is the weight of the grapes (g) at each storage interval.
2.10.3. pH Measurement
Approximately 10 g of grape berries were homogenized with 90 mL of distilled water, and the homogenate was filtered through Whatman No. 1
filter paper. The pH of the filtrate was measured using a calibrated digital pH meter at room temperature.
2.10.4. Titratable Acidity

Titratable acidity (TA) was determined following the [27, 29] standard titration procedure. Briefly, 10 mL of grape juice was diluted with
distilled water and titrated against 0.1 N sodium hydroxide (NaOH) using phenolphthalein as the endpoint indicator. Results were expressed as
percentage citric acid equivalent and calculated according to (Eq.6)
TA (%) =V XN XEW x100/Vs x 1000  ------------ (6)
where: V = Volume of NaOH (mL), N = Normality of NaOH, EW = Equivalent weight of citric acid (75.04), Vs = Sample volume (10 mL).
2.10.5. DPPH Free Radical Scavenging Activity

The antioxidant activity of grape extracts was determined using the DPPH radical scavenging assay according to Brand-Williams et al.
(1995) with slight modifications. Briefly, 1 mL of grape extract was mixed with 3 mL of 0.1 mM DPPH methanolic solution and incubated in the

dark for 30 min at room temperature. The absorbance was measured at 517 nm using a UV—Visible spectrophotometer.



The percentage of DPPH radical scavenging activity was calculated as follows (Eq.7)
DPPH scavenging activity (%) = Ac — As/Ac X 100 -------------- (7)

where: Ac = Absorbance of control, As = Absorbance of sample

2.11. Statistical significance
The experimental data were reported as the mean and standard deviations (SD). For statistical evaluation, a paired t-test was performed
using SPSS Statistics software and Origin Lab 2024 software. The significance was denoted using p-values as follows: p <0.05 (*), p <0.01 (¥%),

and p <0.001 (xx*x).

3. RESULTS AND DISCUSSIONS
3.1. UV-Vis-DRS analysis of MgO NFs

The synthesized MgO NFs were characterized using UV-Vis-DRS, as illustrated in (Figure 1) The absorption spectrum exhibited a
pronounced peak at 285 nm, indicating the optical properties of the MgO NFs. The optical direct band gap was calculated using the Tauc plot
equation (Eq. 8):

(ahv)?> = A(hv—Eg) - -(Eq. 8)

where a represents the optical absorption coefficient, Av is the photon energy, Eg is the direct energy gap, and A is a proportionality constant.
The band gap energy of the synthesized MgO NFs was determined to be 4.2 eV using Tauc plot analysis. Sagadevan et al. reported the successful

synthesis of MgO nanoballs via the hydrothermal method, which exhibited an absorption peak at 280 nm and a band gap energy of 5.14 eV [30].



The MgO NFs showed an absorption peak at 286 nm, higher than the 163 nm seen in bulk MgO due to excitonic transitions in single crystals.
This shift is attributed to surface oxide ion (O*") coordination, with reduced ion coordination lowering the electrostatic potential and energy

required for the process [31, 32].

3.2. FTIR analysis of MgO NF's
3.2.1. FTIR analysis of MgO NFs

The FTIR spectrum of MgO NFs is presented. A broad absorption band at 3345 cm™ is attributed to O—H stretching vibrations from
adsorbed water and surface hydroxyl groups (Mg—OH) [33]. As shown in (Figure 2A), the peak at 2925 cm™ corresponds to C—H stretching
vibrations of residual organic species from PEG [34]. The band at 1637 cm™ is assigned to H-O—H bending of physically adsorbed water. Peaks
at 1440 cm ' and 1375 cm™! are associated with carbonate (COs?") species [35]. The absorptions at 885 cm™ are attributed to C—O stretching [36].
Importantly, the strong band at 543 cm™ corresponds to Mg—O stretching vibrations, confirming the formation of the MgO crystalline lattice [37].
These peaks are in good agreement with previously reported work [34]. As illustrated in the (Figure 2B) the FTIR spectrum of GMT exhibits
characteristic absorption bands at 2935 and 2875 cm™! corresponding to C—H stretching vibrations, 1733 cm™! attributed to C=O stretching, and
1444 cm™ assigned to CH2 bending vibrations. The band at 1195 cm™ is associated with Si—CHs symmetric stretching, while the peak at 1015
cm! corresponds to Si—O—C stretching. Additionally, the absorption at 906 cm™ is attributed to epoxide ring deformation, and the band at 795

cm! corresponds to Si—C stretching vibrations [38, 39]. (Figure 2C) presents the FTIR spectrum of GMT-functionalized MgO F-MgO, confirming



successful surface modification through the appearance of silane-related bands along with the characteristic Mg—O vibration. The broad band at
3308 cm™ corresponds to O—H stretching of surface hydroxyl groups and adsorbed moisture, while the peak at 1595 cm™ is attributed to H-O—
H bending. The absorptions at 1430 and 1315 cm™ are associated with carbonate and C—H deformation vibrations. Notably, the bands at 1160
and 1030 cm™ indicate Si—~O—C and Si—O-Si/Si—-O-Mg stretching, confirming GMT grafting onto the MgO surface. The strong band at 555 cm™

corresponds to Mg—O stretching, verifying that the MgO lattice remained intact after functionalization.

3.2.2. Composite films appearance and functional analysis

The appearance of the prepared nanocomposite films. The PLA film exhibits high transparency. (Figure 2D) The incorporation of 2%
CRU imparts a yellowish color to the film. The addition of 1-3% F-MgO increases the whiteness of the PLA-2%CRU composite films. The
increase in F-MgO content reduces film transparency and enhances opacity. The dispersed F-MgO scatter light within the polymer matrix and

alter the optical properties of the composite films.

As depicted in (Figure 2D), the FTIR spectrum of the PLA film exhibits characteristic absorption peaks at 2920, 2848, 1745, 1445, 1356,
1264, 1180, 1075, 1036, 952, 868, and 750 cm™'[26]. The bands at 2920 and 2848 cm™* correspond to C—H stretching vibrations. The sharp peak
at 1745 cm™! is attributed to the C=0 stretching vibration of the ester functional group. The peaks at 1445 and 1356 cm™ represent asymmetric
and symmetric C—H deformation vibrations, respectively. The C—O stretching vibrations appear in the regions of 1264—-1180 cm™ and at 1075
cm . The peak at 1036 cm ™' is assigned to C—CHs stretching, while the band at 952 cm™ corresponds to C—C backbone stretching. The absorptions

at 868 and 750 cm™ are associated with C—C stretching and CH rocking vibrations, respectively [26, 40]. (Figure 2D), the PLA-2% CRU film



exhibits similar characteristic peaks to those of pure PLA. However, with increasing F-MgO content, the intensity of the C=0O, C—H, and C-O
bands increases (Figure 2D). This enhancement suggests improved PLA nucleation and stronger interfacial interactions induced by the
incorporation of F-MgO. The PLA-2%CRU film exhibits characteristic absorption bands similar to those of pure PLA. However, with increasing
F-MgO content (1-3%), the intensity of the peaks at 1745, 1264, 1180, and 1075 cm™, corresponding to C=0O and C—-O stretching vibrations,
increases. The film containing 2% F-MgO shows improved interfacial interaction with the PLA—CRU matrix. In contrast, lower (1%) and higher

(3%) F-MgO loadings result in poorer dispersion and increased particle aggregation within the composite matrix.

3.3. XRD analysis of MgO NF's and Composite films, and Visual appearance of PLA, PLA-CRU, PLA-CRU-F-MgO films

The XRD analysis of MgO NFs is presented in (Figure 3A). The synthesized MgO NFs exhibited well-defined diffraction peaks at 26
values 0f 37.89°, 42.74°, 50.65°, 58.62°, 62.06°, and 78.49°, corresponding to the (111), (200), (220), (311), and (222) planes, respectively. These
peaks are characteristic of the face-centered cubic (FCC) structure of MgO and are well-matched with the Joint Committee on Powder Diffraction

Standards (JCPDS) card no. 78-0430. The average crystallite size (D) of the MgO NFs was evaluated using the Scherrer formula (Eq. 9).

D = KA/BcosO - - -(Eq.9)

where K is the shape factor (with a typical value of 0.9), 4 represents the wavelength of X-ray radiation (0.154 nm), £ is the full width at
half maximum (FWHM) of the diffraction peak, and 8 denotes the Bragg angle. The calculated average crystallite size of the MgO NFs was 20.49
nm. The MgO sample exhibited a nanoflake structure that developed through specific mechanisms. The PEG was used as a surfactant during the

synthesis process. PEG acts as a proton acceptor, facilitating growth along the (220) and (311) directions. These directions are associated with



higher energy surfaces, which emerge under specific hydrothermal conditions. This suggests a controlled and stable growth of MgO NFs in these
orientations, contributing to their crystallinity. Balamurugan et al. reported the synthesis of nanocrystalline MgO particles via a combustion
method followed by annealing and studied their crystal structure. The results confirmed that the synthesized MgO NPs were polycrystalline and
exhibited a cubic crystal structure [41]. Abbas and Adim reported the synthesis of crystalline MgO NPs using an atmospheric non-thermal plasma
jet, achieving particle sizes of 9.36 £+ 1.42 nm (10 min) and 14.25 + 2.36 nm (12 min). XRD patterns showed characteristic peaks corresponding
to cubic MgO NPs [42]. (Figure 3B) illustrates the XRD pattern of the pure PLA film, which exhibits a broad diffraction band between 12° and
22.5°, confirming its amorphous structure. The solution casting method inhibits the orderly arrangement of polymer chains and prevents the
development of crystallinity [43, 44]. In contrast, the PLA-2%CRU film displays characteristic diffraction peaks at 12.1°, 14.6°, 16.5°, 18.9°,
and 22.1°, corresponding to the (103), (100), (110)/(200), (203), and (015) planes of the a-form crystalline PLA [26]. The CRU acts as a nucleating
agent and enhances PLA crystallinity by promoting chain alignment and crystalline growth while reducing the amorphous phase [18]. The
incorporation of 1-3% F-MgO into the PLA—CRU film increases the intensity of the characteristic PLA diffraction peaks, indicating enhanced
crystallinity. The composite films exhibit additional peaks at 37.84°, 42.29°, and 50.35°, which correspond to the (200), (220), and (311) planes
of MgO. These peaks confirm the presence of MgO and further support the improvement in crystallinity. The well-dispersed F-MgO acts as an
effective nucleating agent and promotes PLA crystallization. The film containing 3% F-MgO exhibits the most intense and well-defined peaks.
The improved intermolecular interactions between PLA chains increase structural regularity and overall crystallinity. These findings are consistent

with previous studies [18, 26].



On the other hand, the crystallinity index (Crl) of the fabricated films was determined using the empirical equation (Eq. 10).

Crystallinity Index (%) = [(Ic/(Icr + Inon-cr)] X 100 —ememeeee (10)
Where /¢, is the integrated intensity of the crystalline phases and .0.—cr is the integrated intensity of the non-crystalline (amorphous) background

phase.

Shown (Figure 3C). The pure PLA film exhibits a low crystallinity index (Crl) of 4.71%, which is typical of amorphous polymers, as
confirmed by the broad and low-intensity XRD peak (Figure 3C). The PLA-2%—CRU composite film shows an increased Crl of 26.71%,
indicating that CRU enhances polymer crystallization. Roy and Rhim (2020) reported that the addition of 1.5 wt% CRU increased the Crl of PLA
to 29.9%, demonstrating its role as a nucleating agent [18]. The incorporation of 1% F-MgO further increases the Crl to 34.35%, suggesting that
MgO promotes crystallization within the PLA-2%CRU matrix, as supported by the appearance of distinct MgO diffraction peaks. However, the
film containing 2% F-MgO exhibits a reduced Crl of 28.97%, indicating that higher MgO loading interferes with polymer chain organization.
The film with 3% F-MgO shows a further decrease in Crl to 27.21%, suggesting that excessive F-MgO disrupts crystallization, possibly due to

particle agglomeration.

As shown in (Figure S1), the digital photographs of neat PLA, PLA-CRU, and PLA-CRU- F-MgO nanocomposite films containing
different loadings (1-3 wt.%) of silane-functionalized MgO nanoflakes. Neat PLA exhibited a transparent and colorless appearance with high
optical clarity. Incorporation of curcumin into the PLA matrix produced a bright yellow film, confirming the homogeneous dispersion of the

natural pigment throughout the polymer matrix. Upon addition of functionalized MgO NFs, the film color gradually changed from yellow to



orange with increasing F-MgO content. The PLA-CRU-1%F-MgO film retained good transparency, whereas the 2 wt.% and 3 wt.% F-MgO
films became progressively darker and slightly opaquer. This color variation can be attributed to enhanced light scattering by the dispersed MgO
NFs and their interaction with curcumin and the PLA matrix. Despite the increased filler loading, all films remained continuous, flexible, and
free from visible cracks or phase separation, indicating good compatibility between the silane-functionalized MgO nanoflakes and the PLA—CRU
matrix. The uniform visual appearance further suggests effective dispersion of the functionalized nanofillers, consistent with the FTIR, XRD, and
SEM results. These observations demonstrate that surface functionalization of MgO improves filler—matrix interfacial adhesion while maintaining

the structural integrity of the biodegradable nanocomposite films.

3.4. SEM, elemental mapping, EDX, TEM and SAED analysis of MgO NFs

The presents SEM micrographs of MgO NFs, (Figure 4 A-C) showing predominantly flake-like structures in an agglomerated form. This
indicates that the MgO nanoflakes tend to cluster together, forming larger aggregates while maintaining their characteristic thin, plate-like
morphology. The elemental mapping images (Figure 4D-F) display green and brown colors corresponding to oxygen (O) and magnesium (Mg),
and silica (Si) with compositions of weight percentage at 36.07 49.32 % 63.93, 49.64 %, and 1.04%, respectively. The EDX spectrum (Figure
4@G) exhibits characteristic peaks at 0.5 and 1.3 keV, confirming the presence of O and Mg elements. The atomic and weight percentages of O
and Mg are displayed in (Figure 4G). No additional elemental peaks were detected in the EDX analysis, confirming the successful synthesis of
pure MgO NFs without detectable impurities. The TEM images revealed that the synthesized MgO NFs exhibited distinct flake-like morphologies,

showing the characteristic of MgO nanostructures (Figure 5 A, C), thereby confirming successful synthesis. The particle size ranged from 28.62



to 124.69 nm, with an average size of 80.20 nm (Figure 5E). These observations are consistent with the SEM analysis while providing higher-
resolution structural details. (Figure SD) The SAED patterns displayed well-defined diffraction rings, indicating the crystalline nature of the MgO
NFs [45]. The observed diffraction rings correspond to the (200), (220), and (311) lattice planes, in agreement with the XRD results, thus
confirming the FCC crystal structure of MgO.
3.5. Morphological, elemental mapping, EDX analysis of composite films

The SEM images illustrate the morphological changes in the fabricated films (Figure 6A- E). The neat PLA film exhibits a smooth and
homogeneous surface. The incorporation of CRU introduces surface irregularities, indicating its successful integration into the PLA matrix. The
PLA-2%CRU-1%F-MgO film shows well-dispersed F-MgO nanoflakes with minimal aggregation, suggesting effective interfacial interaction
and uniform distribution. In contrast, the films containing 2% and 3% F-MgO exhibit noticeable particle agglomeration, which reduces surface
homogeneity and weakens interfacial adhesion [18]. The addition of F-MgO significantly modifies the film morphology, and the 1% F-MgO
concentration provides the most balanced dispersion and structural integrity. The elemental mapping images (Figure S2) demonstrate uniform
carbon distribution, representing the continuous PLA and CRU polymer chains. The oxygen signal appears throughout the matrix and corresponds
to PLA, CRU, and F-MgO components. The magnesium signal distributes evenly across the film surface, confirming the successful incorporation
of F-MgO within the PLA—CRU matrix. Overall, the mapping results confirm uniform nanoparticle dispersion and preservation of matrix
integrity. The EDX analysis (Figure S3) shows that pure PLA and PLA—CRU films consist mainly of carbon (44.71 and 44.62 wt.%) and oxygen
(55.29 and 55.39 wt.%). The incorporation of F-MgO increases the magnesium content from 1% to 3% while slightly reducing carbon and oxygen

percentages. The atomic percentage results follow a similar trend. These findings indicate that 1% F-MgO achieves uniform dispersion and strong



interfacial interaction, whereas higher loadings promote aggregation, consistent with the SEM observations (Table 1). The EDX results confirm
the successful incorporation of F-MgO into the PLA, PLA—CRU, and PLA-CRU-F-MgO nanocomposite films.

3.6. XPS Analysis of MgO Nanoflakes

The XPS analysis confirmed the elemental composition and chemical states of MgO NFs (Figure 7A). Survey spectrum. The C 1s spectrum
exhibited deconvoluted peaks at 284.68, 286.01, 288.37, and 289.60 eV, corresponding to C—C/C-H, C-0O, O—-C=0, [46, 47], and carbonate
species, respectively, indicating the presence of adventitious carbon and residual PEG-derived functional groups (Figure 7 B). The O 1s spectrum
showed peaks at 529.04, 530.14, 530.88, 531.78, and 533.26 eV, which were assigned to lattice oxygen (O?*"), oxygen vacancies (V,), surface
hydroxyl (-OH) groups, chemisorbed oxygen (Of), and adsorbed water molecules, [48-50].These oxygen species confirm the presence of surface
defects and active sites, which are beneficial for catalytic and biological performance (Figure 7C). The Mg core-level spectra further verified the
chemical state of magnesium.

The Mg 1s peak at 1303.95 eV confirmed Mg*—O in the MgO lattice, while the higher binding energy peak at 1306.92 eV indicated
surface hydroxylated Mg—OH species [51], (Figure7D).

Similarly, the Mg 2s spectrum displayed peaks at 88.37, 90.55, 92.05, and 93.22 eV [52] (Figure 7E), and the Mg 2p spectrum showed
peaks at 49.50, 50.99, 52.79, and 54.50 eV, corresponding to lattice Mg?*, surface Mg—OH, and defect-related or adsorbed Mg species [53, 54]
(Figure 7F). The high fitting accuracy (R? > 0.98) confirms the reliability of the deconvolution. Overall, the XPS results demonstrate that Mg
exists predominantly in the Mg** oxidation state, while oxygen vacancies, hydroxyl groups, and adsorbed species contribute to surface

heterogeneity. These features enhance adsorption behavior, photocatalytic activity, and biological interactions of MgO NFs.



3.7. Antioxidant Activity of composite films

The antioxidant activity of all the composite films was assessed using the ABTSe<+ and DPPHe assays, as shown in (Figure 8A, B). The
PLA film exhibited low antioxidant activity, with ABTS and DPPH radical scavenging efficiencies of 6.04% and 22.06%, respectively.
Incorporation of curcumin (CRU) markedly improved the antioxidant performance, increasing the ABTS and DPPH scavenging activities to
44.37% and 39.05%, respectively. Furthermore, the addition of 1-3 wt.% functionalized MgO nanoflakes (F-MgO) to the PLA—CRU films further
enhanced the radical scavenging activity, with ABTS values increasing to 44.03—79.90% and DPPH values to 39.90-62.59%. This enhanced
antioxidant activity is primarily attributed to the phenolic hydroxyl groups and conjugated molecular structure of curcumin, which effectively
neutralize ABTS+* and DPPHe radicals through hydrogen atom transfer and single-electron transfer mechanisms [18]. These findings are
consistent with previous reports demonstrating that the incorporation of curcumin significantly improves the antioxidant properties of PLA-based
films. For example, Roy and Rhim reported that the DPPH and ABTS radical-scavenging activities increased from 1.8% and 3.1% for neat PLA
films to 76.6% and 94.7%, respectively, after incorporating 1.5 wt.% curcumin [18]. Similarly, earlier studies showed that the addition of curcumin
enhanced the DPPH radical scavenging activity of PLA films from 16.8% to 83%, confirming the strong free radical scavenging ability of
curcumin through hydrogen donation from its phenolic groups [55]. Dai et al. (2022) reported that PLA films exhibited negligible antioxidant
activity (8% DPPH), and the incorporation of 3 wt% ZnO NPs showed only a slight increase (8.7%). Similarly, ABTS results confirmed minimal
activity for both PLA and PLA/ZnO films, indicating that ZnO alone does not significantly enhance antioxidant performance. However, the

addition of pomegranate peel extract (0.5-2 wt.%) in the PLA/ZnO films markedly improved antioxidant activity due to the presence of flavonoids,



phenolics, and proanthocyanidins [25, 56]. The addition of F-MgO enhances antioxidant performance through synergistic surface-mediated

electron transfer within the polymer matrix, thereby promoting sustained antioxidant activity.

3.8. Antibacterial Activity

The antibacterial activity of MgO NFs was evaluated using the disk diffusion method at various concentrations the disk size (6 mm).As
expected, the positive control (ciprofloxacin disk) exhibited superior antibacterial activity, with zones of inhibition (ZOI) of 18 mm and 14 mm
against S. aureus and E. coli, respectively, as shown in (Figure 9A-C). In contrast, MgO NF disks containing NC (Negative Control), 3, and 5
mg were tested against both bacterial strains. For S. aureus, the observed ZOI values were 0, 11.66, and 15.66 mm, respectively, while for E. coli,
the ZOI values were 0, 7.66, and 12 mm, respectively. These results indicate a concentration-dependent antibacterial effect of MgO NFs. The
slightly higher susceptibility of S. aureus (Gram-positive) compared to E. coli (Gram-negative) due to attributed to differences in their cell wall
structures. Gram-negative bacteria possess an outer lipopolysaccharide membrane that acts as an additional barrier, reducing NFs penetration. In
contrast, Gram-positive bacteria have a thicker, multi-layered peptidoglycan cell wall, making them more vulnerable to NFs-induced membrane
disruption. The antibacterial mechanism of MgO NFs is likely associated with reactive oxygen species (ROS) generation, Mg?* ion release, and
direct interaction with the bacterial cell membrane, leading to structural damage and cell death. Akshaykranth et al. (2021) reported that green-
and chemically synthesized MgO NPs were calcined at 200 °C (4 h) and 400 °C (4 h), respectively. The samples were evaluated for antibacterial
activity against Bacillus subtilis, S. aureus, E. coli, and Proteus vulgaris at 2 mg/mL (20-80 pL loading) using the disk diffusion method. Both

samples exhibited dose-dependent antibacterial activity; however, the green-synthesized MgO NPs showed superior performance compared to



the chemically synthesized MgO NPs. This enhanced activity is attributed to differences in particle size, shape, concentration, calcination
conditions, and the presence of surface organic biomolecules [57]. Rajiv Periakaruppan et al. (2023) reported that green-synthesized MgO
nanoparticles exhibited dose-dependent antibacterial activity against Streptococcus sp., with a ZOI of 14.5 £ 0.4 mm at 75 /mL, which is
comparable to the ZOI of 14.5 = 0.2 mm observed for tetracycline (10 pg/mL) [58]. Thamizharasan et al. (2024) reported that green-synthesized
MgO NPs (1 mg/mL, 50 uL loading) were tested against Porphyromonas gingivalis, S. salivarius, S. mutans, and S. mitis using the agar well
diffusion method. The ZOI were 18, 14, 12.5, and 11 mm, respectively. P. gingivalis showed the highest susceptibility, attributed to its thinner
peptidoglycan layer and ROS generation from surface defects and oxygen vacancies in MgO NPs [59]. The present investigation reviled that the
antibacterial activity result showed that the synthesis of MgO NFs showed better activity in both bacterial strains, with S. aureus being more

effectively inhibited.

3.9. Cytotoxicity activity of Mg NFs

The cytotoxicity of MgO NFs toward RAW 264.7 macrophages was evaluated after 24 h exposure (0.1-50 pg/mL). As shown (Figure
10A, B), no cytotoxic effects were observed across the tested concentrations. Cell viability increased slightly at lower doses, reaching at 128.51%
at 0.5 pg/mL and 134.32% at 5 ug/mL (p <0.05), suggesting enhanced metabolic activity. Even at higher concentrations (10—-50 pg/mL), viability
remained 124.76%, with 50 pg/mL maintaining 112.25%. The increased viability may be attributed to mild cellular stimulation rather than
toxicity. Overall, MgO NFs exhibited excellent cytocompatibility up to 50 pg/mL, supporting their potential for biomedical and active packaging

applications. Kasi et al. (2025) reported that MgO NFs synthesized at 400, 500, and 600 °C were biocompatible at low concentrations (0.1-20



ng/mL), while MgO-400 °C showed slight cytotoxicity at higher concentrations (100200 pg/mL). The cytotoxicity depended on particle size,
surface area, and concentration, as smaller MgO-400 °C particles released more Mg?* ions and generated higher ROS levels. At low doses, Mg**
promoted cell growth, whereas excessive ion release at high doses induced oxidative stress. In contrast, larger MgO-500 °C and MgO-600 °C
particles exhibited lower ion release and ROS production, resulting in improved biocompatibility [12]. Ge et al. (2011) reported that 100 nm MgO
NPs were non-toxic at 200 pg/mL. By contrast, it showed toxicity above 500 pg/mL on human umbilical vein endothelial cells [60]. Mittag et al.
(2019) observed no cytotoxic or genotoxic effects of 50-70 nm MgO (0.001-100 pg/mL) in intestinal HT29 cells [61]. Similarly, Patel et al.
reported no significant cytotoxicity of 30 nm MgO up to 350 pg/mL (INT407) and 250 png/mL (SiHa) cell lines [62]. The present results confirm
that MgO NFs are biocompatible and non-cytotoxic, consistent with previous studies, supporting their potential use in wound dressing, drug

delivery, nutritional supplements, and active food packaging applications.

3.10. Toxicity assessment of MgO NFs in A. salina nauplii

The brine shrimp (Artemia salina) is an invertebrate organism widely used as a standard model for marine ecotoxicity and nanoparticle
toxicity assessment. The A. salina nauplii assay provides a rapid, cost-effective, and simple method for evaluating potential toxicity. In this study,
the synthesized MgO NFs were evaluated for toxicity against A. salina at the nauplii stage. The MgO NF-treated groups showed no mortality at
24 and 48 h compared with the control group. The exposure of nauplii to various concentrations of MgO NFs (0.25, 0.50, 0.75, and 1.00 mg/mL)
produced no lethal effects (Figure.11). The treatment did not affect the swimming behavior or induce fatigue in the nauplii. Microscopic

observations revealed the bioaccumulation of MgO NFs within the digestive tract; however, this accumulation did not cause observable toxicity.



Previous studies support these findings. Rajendran et al. reported that biosynthesized hematite nanoparticles exhibited no toxicity toward A. salina
nauplii at concentrations of 0-10 mg/mL [63]. Similarly, Esakkirajan et al. (2024) demonstrated that green-synthesized MoOs NPs (annealed at
700 °C) showed no mortality in 4. salina nauplii at concentrations of 0.25-1.00 mg/mL [64]. These results confirm the biocompatibility of MgO

NFs and highlight their potential for safe biomedical and environmental applications.

3.11. Antibacterial activity of composite films

Antibacterial performance was quantified by calculating the percentage reduction (R%) of bacterial colonies (Table 2). The control PLA
film shows no antibacterial activity and exhibits an R value of 0% against both S. aureus and E. coli. The incorporation of CRU into the PLA
matrix enhances antibacterial activity and yields R values of 95.14% and 90.00%, corresponding to logio reductions of 1.97 and 5.00, respectively.
The addition of 1% F-MgO further improves antibacterial performance and results in near-total reduction 99.99% and 99.77% corresponding to
logio reductions of 1.99 and 2.35, respectively. The film containing 2% F-MgO achieves bacterial reduction 99.99% and 99.99% corresponding
to logio reductions of 1.99 and 1.46, respectively. The film loaded with 3% F-MgO exhibits maximum antibacterial efficacy > 99 % against both
pathogenic strains, indicating complete antibacterial efficacy, with corresponding logio reductions of > 2.00 and > 2.00 for S. aureus and E. coli,
respectively, reaching R values of complete reduction of both bacteria. The increase in R% with higher F-MgO content confirms the role of MgO
in disrupting bacterial viability. Furthermore, bacterial counts were below the limit of detection (LOD), indicating extremely strong antibacterial
activity. The composite films show slightly higher activity against S. aureus than E. coli, which results from differences in cell wall structure.

The thick peptidoglycan layer of Gram-positive bacteria facilitates stronger interaction with MgO NFs. MgO NFs generate reactive oxygen



species (ROS) under light irradiation. The NFs produce electron-hole pairs, where electrons reduce dissolved oxygen to superoxide radicals (*O2")
and holes oxidize water to hydroxyl radicals (*OH). These reactive species subsequently form hydrogen peroxide (H20:), which induces oxidative
damage to microbial cells. The results indicate that 3% F-MgO provides optimal antibacterial performance. Kim et al. (2019) reported that PLA
films incorporated with positively surface-charged ZnO NPs (0-10 wt%) were evaluated for antibacterial activity using the JIS Z 2801 standard.
The PLA/ZnO (3 wt.%) and PLA/ZnO (10 wt.%) composite films exhibited 100% antibacterial activity against E. coli. and S. aureus. However,
improved physical properties at lower ZnO contents can be achieved by enhancing nanoparticle dispersibility within the PLA matrix [26]. Dai et
al. (2022) reported that the PLA and PLA-ZnO NPs (3 wt.% based on the PLA wt.%) film was tested against S. aureus and E. coli broth culture
method. As a result, a 0 -24 h interval of bacterial growth of both bacterial strains has significantly reduced the viable colonies as compared to
the PLA film. However, with the growth of time, the antibacterial effect weakened slightly [25]. Teamsinsungvon et al. (2022) reported that PLA
films incorporated with TiO2 and Ti70:Si30 were evaluated for antimicrobial activity using the JIS Z 2801:2006 method. The PLA-based
composite films exhibited excellent antibacterial activity against E. coli and S. aureus, demonstrating enhanced antimicrobial performance.
However, S. aureus required longer contact time or higher catalyst concentrations to achieve a similar level of inhibition compared to E. coli.
[65]. The present study demonstrates enhanced antibacterial activity in the PLA-CRU-2%-F-MgO film, with particularly strong inhibition against
S. aureus. Notably, the PLA-CRU-3%-F-MgO film achieved 100% bacterial reduction in both strains. These findings highlight the potential of

the developed films for antibacterial active food packaging applications.



3.12. Effect of PLA—CRU-F-MgO Active Packaging Films on the Physicochemical Quality and Antioxidant Properties of Grapes During Ambient

Storage

Fresh grapes packaged with PLA, PLA-CRU, and PLA—CRU-F-MgO biodegradable active films were stored for 15 days under ambient
conditions (25 £ 2 °C and 50 + 5% RH). The effects of the films on weight loss, pH, titratable acidity, and DPPH radical scavenging activity were
investigated to evaluate their ability to maintain the physicochemical quality of grapes during storage.

3.12.1. Visual Appearance of Grapes During Storage

Fresh grapes packaged with different biodegradable films exhibited noticeable differences in visual quality during the 15-day storage
period (Figure S4). The grapes packaged with PLA alone showed rapid quality deterioration, characterized by severe browning, shriveling, and
loss of freshness after 9 days, with pronounced dehydration and discoloration by day 15. Incorporation of curcumin (PLA—CRU) moderately
delayed these changes; however, visible browning and shriveling were still observed at the end of storage. In contrast, grapes packaged with
PLA-CRU-F-MgO active films maintained better visual quality throughout storage. Among all treatments, PLA—CRU-2% F-MgO exhibited the
best preservation performance, retaining the natural color, firmness, and overall appearance of the grapes with minimal signs of dehydration or
browning after 15 days. The PLA—CRU-3% F-MgO film also effectively preserved grape appearance but showed slightly greater color change
than the 2% formulation during the later storage period. These observations indicate that the incorporation of silane-functionalized MgO NFs into
the PLA—CRU matrix effectively delayed visual deterioration and extended the storage quality of fresh grapes [66].

3.12.2. Weight Loss



Weight loss increased progressively during 15 days of storage in all treatments (Figure 12A). Neat PLA exhibited the highest weight loss
(=28%), whereas PLA-CRU-3%-F-MgO showed the lowest (=3%), followed by PLA-CRU-2%-F-MgO (=4%). The incorporation of
functionalized MgO nanoflakes significantly improved the moisture barrier by increasing the tortuous diffusion path and reducing water vapor
transmission. Curcumin further enhanced film integrity, resulting in improved freshness and delayed dehydration of the packaged fruits.[27, 66—
68] Similar findings have been reported for active PLA-based nanocomposite films.

3.12.3. pH

The pH gradually increased from approximately 3.42 to 3.82 during storage (Figure 12B), reflecting organic acid degradation and microbial
activity. Fruits packaged with PLA-CRU-3%-F-MgO maintained the lowest pH increase, indicating better preservation than neat PLA. The
combined antimicrobial activity of curcumin and MgO nanoflakes effectively delayed metabolic deterioration and microbial spoilage, thereby
maintaining fruit quality throughout storage. Similar trends have been reported for antimicrobial nanocomposite food-packaging systems [27,
69].

3.12.4 Titratable Acidity

Titratable acidity decreased continuously during storage owing to the consumption of organic acids during respiration (Figure 12C). PLA
showed the greatest decline, whereas PLA-CRU-2%-F-MgO retained the highest acidity after 15 days, indicating slower metabolic activity. The

improved gas barrier and antimicrobial properties of MgO-containing films reduced respiration and delayed fruit senescence. These results



demonstrate that active nanocomposite films effectively preserve fruit acidity and extend storage quality [27, 68]. According to your graph, PLA-
CRU-2%-F-MgO performs best for titratable acidity.
3.12.5. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity decreased slightly after storage in all films (Figure 12D); however, PLA-CRU-3%-F-MgO retained
the highest antioxidant activity (=55%). The enhanced antioxidant performance is attributed to the synergistic interaction between curcumin and
functionalized MgO NFs, which promotes sustained radical scavenging and reduces oxidative deterioration. The active nanocomposite films

therefore provide effective antioxidant protection during fruit storage, consistent with previous reports on bioactive packaging materials [18, 66]

4. CONCLUSION

In this endeavour, MgO NFs were successfully synthesized via a hydrothermal method and systematically characterized in terms of
physical and chemical properties. The MgO NFs exhibited flakes morphology and enhanced antibacterial activity against S. aureus and E. coli in
a concentration-dependent manner. Toxicity evaluation using 4. salina nauplii indicated bioaccumulation in the digestive tract without observable
toxicity. In vitro studies showed a proliferative effect at 5 pg/mL (>135% cell viability) and no significant cytotoxicity at 50 pg/mL in RAW
264.7 cells, attributed to Mg?** ion release and good biocompatibility. Furthermore, surface-functionalized MgO reduced agglomeration in the
PLA-CRU matrix while enhancing crystallinity and interfacial interactions. The resulting nanocomposite films demonstrated strong antibacterial
performance, achieving complete inhibition of S. aureus and E. coli (100%) in a dose-dependent manner. This find concluded that antibacterial

PLA-CRU-3%-F-MgO nanocomposite film can be potentially used in medical and food packaging applications for the PLA-CRU-F-MgO



nanocomposite films effectively preserved fruit quality during 15 days of storage. Compared with neat PLA, the films significantly reduced
weight loss, minimized pH changes, retained higher titratable acidity, and maintained greater DPPH radical scavenging activity. Among all
formulations, PLA-CRU-2%-F-MgO and PLA-CRU-3%-F-MgO exhibited the best overall packaging performance, indicating their potential as

an active biodegradable food packaging material
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development of PLA, PLA-CRU, and PLA-CRU-F-MgO nanocomposite films via solvent casting.
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Fig. 4. (A-C) Micrographs of the synthesized MgO NFs at different magnifications, (D)
elemental mapping of oxygen, (E) elemental mapping of magnesium, (F) elemental mapping of
silicon, (G) EDX spectrum of MgO NFs.
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Fig. 7. X-ray photoelectron spectroscopy (XPS) analysis of MgO nanoflakes (MgO NFs): (A) survey spectrum, (B) C 1s spectrum, (C)
O 1s spectrum, and (D-F) Mg core-level spectra (Mg 1s, Mg 2s, and Mg 2p).



(ﬁ&)loo (IB) 100

80 80 -
~ 60 - ~ 60
< <
7] w2
e a4
2 an
= 40- i
m 40 o 40
< A
20 - 201
0 0 -

Fig. 8. Antioxidant properties of PLA—CRU-F-MgO nanocomposite films assessed by (A) ABTS and (B) DPPH radical scavenging
assays.
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Fig 12. Physicochemical quality changes of grapes packaged with different PLA-based active
films during storage at 25 + 2 °C and 50 = 5% RH. (A) Weight loss, (B) pH, (C) titratable acidity,
and (D) DPPH radical scavenging activity.
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  DPPH   ( % ) = ( A 1 − A 2 ) / A 3   ×   100  


  ABTS   ( % ) =   ( A 0   −   A 1 ) / A 0   ×   100  


  R   ( % )   =   ( B   −   C ) / B   ×   100  


  %   Mortality = Number   of   dead   organisms   /   The   initial   number   of   live   organisms × 100


  W e i g h t   l o s s    ( % ) = W 0 − W t / W 0 × 100


  T A    ( % ) = V × N × E W × 100 / V s × 1000


  DPPH   scavenging   activity    ( % ) = A c − A s / A c ×   100
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