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Abstract 

Bio-based nanocomposite films were developed using poly(vinyl alcohol) (PVA) reinforced with 

tragacanth gum (TG) and carboxymethyl tragacanth (CMT), incorporating biogenic ZnO or CuO 

nanoparticles and plant-derived extracts (cinnamon or clove). A comparative evaluation of structural, 

surface, mechanical, and oxygen barrier properties was conducted to assess their potential for active 

food packaging. FESEM analysis revealed that CMT-based films possessed a more homogeneous 

and compact microstructure with fewer microcracks compared to TG-based films. The lower contact 

angle observed for CMT-containing films indicated stronger intermolecular interactions and a denser 

polymer network. CMT-based films demonstrate a more favorable balance between strength and 

elongation, resulting in improved toughness and mechanical stability, which are critical for flexible 

food packaging applications. Oxygen permeability measurements demonstrated that optimized 

CMT-based film achieved a lower oxygen transmission rate (26.80 cm³/m²·24 h·0.1 MPa) than TG-

based film (27.53 cm³/m²·24 h·0.1 MPa), despite reduced thickness (70 μm versus 78 μm). Analysis 

of diffusion and solubility coefficients indicated that reduced oxygen solubility within the CMT 

matrix (2.66 × 10-10 cm3/cm2.cm.Pa) was the dominant factor governing overall permeability. The 

practical performance of the films was further assessed by coating raw pistachios. The optimized 

CMT-based film preserved the visual quality of pistachios for up to 12 days under ambient conditions 

without observable deterioration. These results highlight CMT-based nanocomposite films as 

promising sustainable materials for oxygen-sensitive food packaging applications. 

Keywords: Active food packaging; Biogenic ZnO and CuO nanoparticles; Carboxymethyl 

tragacanth; Plant-derived antioxidants; Pistachio preservation; Tragacanth gum
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1. Introduction 

 

The increasing global demand for sustainable, 

biodegradable, and safe food packaging materials has 

accelerated research on edible films derived from natural 

polymers [1]. Tragacanth gum (TG), a natural exudate 

polysaccharide, and its derivative carboxymethyl 

tragacanth (CMT) have attracted considerable attention 

due to their excellent film-forming ability, high 

biocompatibility, and biodegradability [2]. These 

biopolymers can form cohesive, flexible films suitable for 

packaging applications, particularly for perishable food 

products such as nuts and fruits. However, native TG and 

CMT films often exhibit limitations in mechanical 

strength, and antimicrobial performance, which restrict 

their practical application. 

Raw pistachios are among the most economically 

valuable tree nuts worldwide, owing to their high 

consumer demand, export significance, and rich 

nutritional profile, including unsaturated fatty acids, 

proteins, minerals, and bioactive compounds. Despite 

these advantages, raw pistachios are highly susceptible to 

quality deterioration during storage due to their high lipid 

content, which promotes oxidative rancidity, as well as 

their vulnerability to microbial contamination under 

inappropriate storage conditions. Lipid oxidation not only 

leads to off-flavors and reduced sensory quality but also 

decreases nutritional value, while microbial growth poses 

serious food safety concerns. Lipid oxidation and 

deteriorative reactions in pistachio nuts are accelerated 

during storage, especially at higher temperatures and 

longer times, affecting fat quality factors [3]. 

Consequently, extending the shelf life of raw pistachios 

requires packaging systems that simultaneously provide 

effective oxygen and moisture barriers, antioxidant 

protection, and antimicrobial functionality [4]. These 

challenges highlight the urgent need for advanced, 

sustainable, and multifunctional packaging materials 

tailored specifically for pistachio preservation [5]. 

Recent studies have explored the incorporation of 

functional additives into polysaccharide-based films to 

overcome these limitations. Metal oxide nanoparticles, 
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particularly zinc oxide (ZnO) and copper oxide (CuO), 

have been widely reported for their broad-spectrum 

antimicrobial activity, UV-blocking properties, and 

potential to reinforce the polymer matrix [6-9].  

In parallel, plant-derived bioactive compounds, 

including clove and cinnamon extracts, are recognized for 

their antioxidant and antimicrobial properties. Several 

researchers have demonstrated that integrating plant 

extracts into edible films can significantly enhance their 

functionality, including reducing lipid oxidation, 

inhibiting microbial growth, and improving shelf life of 

packaged foods [10-13]. Despite these advances, most 

studies have focused on either nanoparticles [14] or plant 

extracts [11-13] individually, with limited investigations 

into their combined or synergistic effects in biopolymer 

matrices. Few studies have compared the performance of 

TG- and CMT-based films incorporating both biogenic 

nanoparticles and plant extracts, and systematic 

evaluations of their physicochemical, mechanical, and 

antimicrobial properties in the context of real food 

preservation remain scarce. Such comparative studies are 

crucial to understand how different polymer matrices and 

bioactive fillers interact, enabling the design of optimized 

films for specific food applications. 

Therefore, this study for the first time systematically 

compares edible films based on TG and CMT, 

incorporating biogenic ZnO and CuO nanoparticles in 

combination with clove and cinnamon extracts. The 

research evaluates the physicochemical, structural, 

mechanical, antimicrobial, and antioxidant properties of 

the films, with a particular emphasis on their barrier 

performance and functional efficacy for preserving raw 

pistachios. By investigating the synergistic effects of 

nanoparticles and plant extracts, this study provides 

insights into the development of advanced, functional, and 

sustainable edible films for food packaging applications. 

 

2. Experimental 

 

2.1. Materials 

 

Tragacanth gum with a ribbon-like morphology was 

obtained from Sigma Aldrich. The gum is composed of 

approximately 60–70% basurin and 30–40% 

tragacanthine. A 2% aqueous solution of tragacanth gum 

exhibits a viscosity between 2.8 and 28 centipoise, and the 

polymer has a molecular weight of approximately 8.40 × 

105 Daltons. Polyvinyl alcohol (PVA, 98-99%, 

Mw=145000 g/mol), Citric acid monohydrate (CA, 

≥99.0%), and glycerol (Gly, ≥99.5%, Mw=92.10 g/mol), 

zinc acetate dihydrate (99.5%), copper(II) sulfate 

pentahydrate (CuSO4.5H2O, 99.0-100%), Sodium 

hydroxide (NaOH, ≥98%) and monochloroacetic acid 

(Chloroacetic acid, ≥99.0%) were purchased from Merck 

Company (Germany). Plant materials including clove 

(Syzygium aromaticum), cinnamon (Cinnamomum 

cassia), and green pistachio peel (Pistacia vera) were 

used to prepare the natural extracts. Ethanol (≥95.0%, 

Merck, Germany) was used as the extraction solvent in the 

Soxhlet apparatus. The dried extracts were stored at 4 °C 

and later incorporated into the polymeric film 

formulations. 2,2-Diphenyl-1-picrylhydrazyl (DPPH, 

Mw=394.32 g/mol) for antioxidant test was purchased 

from Sigma-Aldrich company.  

 

2.2. Characterization 

 

2.3. Preparation of plant extracts 

 

Natural extracts were obtained from clove (Syzygium 

aromaticum), cinnamon (Cinnamomum cassia), and fresh 

green pistachio hull (Pistacia vera). The dried and 

powdered plant materials (25 g) were extracted with 

ethanol using a Soxhlet apparatus for 6 hours (Fig. 1A). 

Ethanol was used in a sufficient amount to fully immerse 

the plant material and ensure continuous reflux and proper 

Soxhlet cycling. The obtained extracts were filtered and 

concentrated under reduced pressure to remove the 

solvent and then stored at 4 °C in dark bottles for further 

use [15]. Clove and cinnamon extracts were selected due 

to their high content of well-known bioactive compounds, 

primarily eugenol in clove and cinnamaldehyde in 

cinnamon. These compounds exhibit strong antimicrobial 

and antioxidant activities and have been extensively 

reported as effective natural preservatives in food 

packaging systems. Moreover, both extracts are generally 

recognized as safe (GRAS) and demonstrate good 

compatibility with polymeric matrices, making them 

suitable candidates for active food packaging applications 

[16-21]. 

 

2.4. Green synthesis of nanoparticles 

 

Zinc oxide (ZnO) nanoparticles were synthesized via a 

green synthesis approach using green pistachio peel 

extract as a reducing and stabilizing agent, following the 

method described by [22], whereas copper oxide (CuO) 

nanoparticles were prepared using the same extract 

through a green synthesis procedure reported by [23] (Fig. 

1B).  

ZnO Nanoparticles: Initially, 0.2 g of green pistachio 

peel extract was dissolved in 70 mL of distilled water. 

Subsequently, 60 mL of the aqueous solution was added 

dropwise to a 0.1 M Zinc acetate solution under 

continuous stirring. After 1 h of stirring, the color of the 

solution changed to cream-colored, indicating the 

occurrence of the reaction. The stirring was continued for 

3 h, after which the pH of the solution was adjusted to 12 
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https://doi.org/10.57647/jnsc.2026.1602.10


Jafari Vafa et al., J. Nanostruct Chem., 2026; 16(2)                                                                                                                                              191 

10.57647/jnsc.2026.1602.10 

 

by the addition of 0.1 M sodium hydroxide (NaOH) 

solution. Upon gradual addition of NaOH, the color of the 

solution changed from cream-color to dark yellow, and 

the formation of a yellow precipitate was observed, 

indicating the presence of zinc oxide nanoparticles. After 

stirring for an additional 30 min, the suspension 

containing the precipitate was centrifuged several times at 

4000 rpm for 15 min.  

The collected precipitates were repeatedly washed 

with deionized water until a neutral pH was achieved. The 

resulting precipitate was then dried at 80 °C for 5 h, 

yielding a light brown powder. A portion of the dried 

powder was dispersed in a few milliliters of distilled water 

and subjected to ultrasonication for 1 h to ensure complete 

dispersion of the particles. The suspension was 

subsequently transferred into an autoclave and heated in 

an oven at 180 °C for 36 h. After cooling to room 

temperature, the autoclave was opened, the solution was 

filtered, and the obtained precipitate was dried at ambient 

temperature. 

CuO Nanoparticles: Similar to the previous synthesis, 

0.2 g of green pistachio peel extract was first dissolved in 

70 mL of distilled water. Subsequently, 60 mL of a 0.1 M 

copper(II) sulfate (CuSO4.5H2O) solution, which 

exhibited a light blue color, was prepared. The pistachio 

peel extract solution was then added dropwise to the 

CuSO4.5H2O solution under continuous stirring. During 

the addition, the color of the solution gradually changed 

to sea green and finally to light green. The mixture was 

stirred for 1 h and then gently heated to 80 °C to ensure 

completion of the reaction and initiate nanoparticle 

precipitation. 

The solution was subsequently kept at room 

temperature for 2–3 h to allow the nanoparticles to settle. 

With increasing temperature, the color of the solution 

changed from light green to dark green resulting in the 

formation of a brownish precipitate after sedimentation. 

The obtained precipitate was collected by filtration and 

washed several times with deionized water and ethanol to 

remove residual impurities.  

Finally, the collected precipitates were dried at 80 °C 

for 5 h, yielding a black-colored powder. ZnO and CuO 

nanoparticles were selected due to their well-documented 

antimicrobial efficacy, complementary mechanisms of 

action, and suitability for food-related applications. ZnO 

nanoparticles primarily exert antimicrobial activity 

through the generation of reactive oxygen species (ROS) 

and disruption of bacterial cell membranes [24, 25], while 

CuO nanoparticles additionally release Cu²⁺ ions that 

interfere with intracellular enzymes and metabolic 

pathways.  

The combination of these mechanisms enhances 

broad-spectrum antimicrobial performance. Moreover, 

ZnO is generally recognized as safe (GRAS) by regulatory 

authorities, and CuO has demonstrated low toxicity at 

controlled concentrations, making both nanoparticles 

promising candidates for active food packaging systems 

[26]. In addition to their antimicrobial function, ZnO and 

CuO nanoparticles act as effective reinforcing agents, 

improving the mechanical strength and barrier properties 

of polymeric matrices through strong interfacial 

interactions and improved stress transfer [25]. 

 

2.5. Carboxymethylation of tragacanth gum 

 

Carboxymethylation of tragacanth gum (TG) to obtain 

sodium Carboxymethyl Tragacanth (CMT) was carried 

out following the procedure described by [13] (Fig. 1C). 

Initially, 1 g of TG was added to 100 mL of deionized 

water and stirred vigorously until a clear and 

homogeneous solution was obtained. Subsequently, 1.2 g 

of NaOH was dissolved in 10 mL of deionized water and 

added to the TG solution. The temperature of the mixture 

was raised to 50 °C and maintained under continuous 

stirring for 30 min. In the next step, 1.3 g of chloroacetic 

acid was dissolved in 10 mL of deionized water and added 

to the TG+NaOH solution. The resulting mixture was 

stirred at 50 °C for 4 h. After cooling, ethanol was added 

in an amount twice the volume of the final solution to 

induce the precipitation of CMT. The precipitate was 

collected and dried at 40 °C for 24 h. 

 

2.6. Film preparation 

 

In this study, nanocomposite films based on TG and CMT 

(under the optimized equal-proportion (50:50) 

formulation) were fabricated. The 50:50 (w/w) ratio of 

TG:PVA and CMT:PVA was selected to achieve a 

balanced combination of the excellent film-forming 

ability and mechanical integrity of PVA with the 

functional properties of TG and CMT, such as 

biodegradability and enhanced interactions with 

nanoparticles and plant extracts. Although neat PVA films 

exhibit high structural integrity, incorporating TG or CMT 

at an equal proportion enables the formation of networks 

with improved functional performance while maintaining 

sufficient mechanical strength and film homogeneity. 

Primary formulation observations confirmed that this ratio 

provided uniform films with reproducible properties 

suitable for packaging applications. Various nanoparticles 

(ZnO and CuO) and plant extracts (clove and cinnamon) 

were simultaneously used as fillers. Initially, 0.5 g of TG 

(or CMT) was added to 50 mL of deionized water and 

stirred at high speed for 20 minutes to obtain a viscous 

solution. In a separate container, 0.5 g of polyvinyl 

alcohol (PVA) was dissolved in 40 mL of deionized water 

under a closed lid at 90 °C for 30 minutes to obtain a clear 

solution. 

https://doi.org/10.57647/jnsc.2026.1602.10
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Figure 1. Synthesis steps of nanocomposite films, (A) Extraction of pistachio green hull, clove, and cinnamon extracts, (B) Green synthesis of CuO and 

ZnO nanoparticles using pistachio green hull extract, (C) Carboxymethylation of tragacanth gum, and (D) Preparation of nanocomposite films based on TG 

and CMT 

Table 1. The different amounts of extracts and nanoparticles used, and the codes assigned to each sample 

Sample 

code 
Base gum % 

Base 

Polymer 
% Nanoparticle 

Nanoparticle 

percentage (%)* 
Extract 

Extract 

percentage (%)* 

T TG 50 PVA 50 -- -- -- -- 

T1 TG 50 PVA 50 ZnO 5 Cinnamon 7 

T2 TG 50 PVA 50 ZnO 3 Cinnamon 7 

T3 TG 50 PVA 50 ZnO 5 Clove 7 

T4 TG 50 PVA 50 ZnO 3 Clove 7 

T5 TG 50 PVA 50 CuO 5 Cinnamon 7 

T6 TG 50 PVA 50 CuO 3 Cinnamon 7 

T7 TG 50 PVA 50 CuO 5 Clove 7 

T8 TG 50 PVA 50 CuO 3 Clove 7 

C CMT 50 PVA 50 -- -- -- -- 

C1 CMT 50 PVA 50 ZnO 5 Cinnamon 7 

C2 CMT 50 PVA 50 ZnO 3 Cinnamon 7 

C3 CMT 50 PVA 50 ZnO 5 Clove 7 

C4 CMT 50 PVA 50 ZnO 3 Clove 7 

C5 CMT 50 PVA 50 CuO 5 Cinnamon 7 

C6 CMT 50 PVA 50 CuO 3 Cinnamon 7 

C7 CMT 50 PVA 50 CuO 5 Clove 7 

C8 CMT 50 PVA 50 CuO 3 Clove 7 

* Relative to the total weight of polymer and base gum (TG/CMT+PVA) 
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      The PVA solution was then added to the TG (or CMT) 

solution and stirred for an additional 15 minutes. 

According to Table 1, 7 wt% (Relative to the total weight 

of TG/CMT+PVA) of the plant extracts and 3 or 5 wt% 

(Relative to the total weight of TG/CMT+PVA) of the 

nanoparticles were dispersed in 20 mL of deionized water. 

First, the extract solution was added to the TG (or CMT) 

+ PVA solution, and the mixture was stirred on a magnetic 

stirrer for 15 minutes. Then, the nanoparticle suspension 

was added and stirring continued. Subsequently, 15 wt% 

(Relative to the total weight of TG/CMT+PVA) citric acid 

was introduced as a cross-linking agent, followed by 25 

wt% (Relative to the total weight of TG/CMT+PVA) 

glycerol as a plasticizer. The different amounts of extracts 

and nanoparticles used, as well as the codes assigned to 

each sample, are listed in Table 1.  The final mixture was 

transferred to an oil bath and heated at 90–95 °C for 2 

hours under continuous stirring to obtain the final gel. The 

resulting gel was then cast into Petri dishes and dried at 

40 °C for 24 hours. After drying, the final films were 

peeled off from the dishes and stored for further analysis 

(Fig. 1D). 

 

3. Results and discussion 

 

Considering the large number of samples and the 

extensive set of characterization images obtained, only the 

images corresponding to T1, T3, T5, and T7 (TG series) 

and C1, C3, C5, and C7 (CMT series), which were 

expected to exhibit superior properties, are presented in 

the main manuscript. The complete set of images and 

characterization results for the remaining samples, 

including T, T2, T4, T6, T8 and C, C2, C4, C6, C8, has 

been provided in the Supporting Information. However, in 

all sections where the results are presented in the form of 

graphs, quantitative analyses, or statistical evaluations, 

the data for all samples have been included in the main 

manuscript to ensure comprehensive comparison and 

accurate interpretation. This approach was adopted to 

avoid excessive visual content in the main text while 

maintaining full analytical transparency. 

 

3.1. FTIR-ATR analysis 

 

FTIR-ATR analysis was performed to investigate the 

chemical structure and evaluate the interactions between 

different components of the nanocomposite films 

including PVA, TG, CMT, citric acid, glycerol, ZnO and 

CuO, and cinnamon and clove plant extracts. The FTIR-

ATR spectra of the TG (T series) and CMT (C series) 

based films are presented in Fig. 2A and Fig. 2B and the 

FTIR-ATR spectra of the base films are presented in Fig. 

S1. As can be seen in Fig. S1, both the TG and CMT based 

films have a broad absorption band in the range of 3200–

3500 cm⁻¹, which is attributed to the stretching vibrations 

of the hydroxyl groups (O–H). This band is due to the 

presence of –OH groups in PVA, TG or CMT, glycerol 

and citric acid and its width indicates the formation of 

strong hydrogen bonds between polymer chains [27]. The 

peak appearing in the range of 2920–2940 cm⁻¹ is related 

to the C–H stretching vibrations of the aliphatic –CH₂ 

groups in the polymer backbone [27]. Also, the absorption 

band located in the range of 1710–1735 cm⁻¹ is assigned 

to the stretching vibration of the carbonyl (C=O) groups 

of the ester, which confirms the occurrence of a cross-

linking reaction between citric acid and the hydroxyl 

groups of PVA and gums and the formation of ester bonds 

[28]. In TG-based films, the band observed in the region 

of 1600–1650 cm⁻¹ is attributed to bound water and the 

asymmetric stretching vibration of the carboxylate groups 

of polysaccharides. The intensity of this band increases in 

CMT-based films, which is due to the presence of 

carboxymethyl (–COO⁻) groups, confirming the 

successful chemical modification of tragacanth. In 

addition, the peaks in the range of 1020–1150 cm⁻¹ are 

related to the stretching vibrations of C–O–C and C–O 

bonds and are characteristic of the polysaccharide 

structure of the gums and PVA chains [29]. The addition 

of ZnO and CuO nanoparticles to the films (samples T1–

T8 and C1–C8) leads to changes in the intensity of the 

bands and slight shifts in the position of the peaks, 

indicating the interaction between the nanoparticles and 

the polymer matrix (Fig. 2A, Fig. 2B and Fig. S1). The 

presence of ZnO is confirmed by the appearance of bands 

in the region of 400–550 cm⁻¹, which are related to Zn–O 

stretching vibrations [30], while CuO-containing films 

show distinct bands in the range of 500–600 cm⁻¹, which 

are attributed to Cu–O vibrations [31]. Also, the 

broadening and shifting of the O–H band indicates the 

formation of hydrogen bonds and coordination 

interactions between the metal oxide nanoparticles and the 

hydroxyl or carboxyl groups present in the polymer 

matrix. The addition of cinnamon and clove plant extracts 

(7 wt%) also causes changes in the FTIR-ATR spectra. 

New or intensified bands in the range of 1510–1600 cm⁻¹ 

are attributed to the stretching vibrations of aromatic C=C 

bonds of phenolic compounds such as cinnamaldehyde 

and eugenol. Also, the bands appearing in the region of 

1260–1310 cm⁻¹ are related to the C–O stretching 

vibrations of phenolic groups and confirm the successful 

presence of plant extracts in the structure of the films. 

These compounds mainly interact with the polymer chains 

through hydrogen bonds and help improve the structural 

stability and functional properties of the films. Overall, 

the higher absorption intensity of CMT-based films in the 

carboxylate region (1600–1650 cm⁻¹) compared to TG-

based films indicates that carboxymethylation has 

increased the number of –COO⁻ groups and enhanced the 
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intermolecular interactions with nanoparticles and plant 

extracts. These results confirm the successful formation of 

nanocomposite films with strong interactions between 

components. 

 

3.2. XRD analysis 

 

To investigate the structural and crystalline characteristics 

of polymeric films based on TG and CMT intended for 

food packaging, X-ray diffraction (XRD) analysis was 

performed using a Bruker device (Advanced-Bruker D8, 

Germany). This analysis allows for the identification of 

crystalline and amorphous phases, evaluation of the 

effects of nanoparticles and plant extracts on the polymer 

network structure, and assessment of changes in the 

internal order of the films.  Fig. 2C and Fig. S2(A) (In the 

Supplementary Information) show the XRD patterns of 

the neat (T) and nanocomposite (T1–T8) films based on 

TG. In these Figures, all samples exhibit a broad peak 

around ~20°, which indicates the amorphous structure of 

the films, consistent with the polysaccharide nature of TG 

matrix. This broad peak is typically attributed to the 

interlayer spacing of polymer chains or the short-range 

order within the polymer matrix [32]. It should be noted 

that the characteristic diffraction peaks of ZnO and CuO 

are not clearly distinguishable in the XRD patterns of the 

composite films, which can be attributed to their low 

loading levels (3 and 5 wt%), small particle size, and 

uniform dispersion within the predominantly amorphous 

polymer matrix, leading to peak broadening and overlap 

with the polymer halo. The shape and width of this peak, 

rather than absolute intensity, are used to qualitatively 

assess changes in structural order. Variations in peak 

width and shape among the samples suggest that 

incorporation of nanoparticles and plant extracts leads to 

a disruption of polymer chain packing, increasing short-

range disorder within the TG network. 

       Fig. 2D and Fig. S2(B) (In the Supplementary 

Information) show the XRD patterns of the neat (C) and 

nanocomposite (C1–C8) films based on CMT. The XRD 

pattern of the CMT material (Fig. S3 in the Supplementary 

Information) indicates its semi-crystalline structure [13]. 

As shown in Fig. S2(B) (In the Supplementary 

Information), the neat CMT-based film (sample C) 

exhibits a semi-crystalline structure; however, the 

nanocomposite films display a broad and dominant peak 

in the range of 2θ≈20∘–22∘, confirming the amorphous 

nature of the polymer matrix. The broadening and shape 

variations of this peak in some samples containing 

nanoparticles and extracts, compared to sample C, 

indicate a disturbance in the short-range arrangement of 

polymer chains, likely due to physical interference and the 

dispersion of additives within the polymer matrix [13]. 

 
Figure 2. FTIR-ATR spectra and XRD patterns of nanocomposite films based on (A, C) TG (T series) and (B, D) CMT (C series) 

A B 

C D 
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Comparison among the samples shows that sample C2 

exhibits a relatively sharper peak with higher intensity, 

indicating partial preservation of short-range order within 

the CMT structure, possibly due to a more uniform 

distribution of additives. In contrast, samples C1 and C8 

display broader peaks, reflecting a higher degree of 

amorphousness. These structural variations can directly 

influence the functional properties of the films—including 

their mechanical characteristics and thermal behavior. 

Therefore, the XRD results confirm that the nanoparticle 

and extract additives significantly modify the structural 

order of CMT, thereby affecting the macroscopic 

properties of the resulting films. For the XRD patterns of 

the constituent components of the nanocomposite films, 

see Fig. S3 in the Supplementary Information. 

Overall, the XRD comparison between the two 

matrices indicates that CMT exhibits a more stable and 

robust structure than TG and shows lower amorphization 

in response to disturbances caused by the additives. In 

contrast, TG undergoes a rapid decrease in crystallinity 

and peak broadening. These differences may be attributed 

to variations in the degree of branching, the presence of 

carboxymethyl groups, and differences in intermolecular 

interactions that influence chain packing and structural 

stability. These factors ultimately affect the mechanical 

properties and barrier performance of the nanocomposite 

films based on these matrices (see Sections 3.4 and 3.11). 

Importantly, our analysis focuses on peak shape and width 

rather than absolute intensity, avoiding direct comparison 

of peak intensities between samples for crystallinity 

evaluation. This approach allows a reliable qualitative 

assessment of structural disorder and polymer chain 

arrangement, supported by complementary SEM and 

FTIR-ATR analyses. 

 

3.3. Surface morphology study 

 

The surface morphology was examined using field-

emission scanning electron microscopy (FESEM; Sigma 

300 VP, ZEISS, Germany). Fig. 3 and Fig. S5 present 

FESEM images of the TG-based (T series) and CMT-

based (C series) films at different magnifications, 

respectively. Also, Fig. S4 presents FESEM images of the 

individual components used in the nanocomposite films. 

The images of the TG-based films (T series) show that the 

neat film (T) exhibits a relatively smooth and uniform 

surface at the microscale, whereas the incorporation of 

ZnO/CuO nanoparticles and plant extracts induces 

pronounced morphological changes. These modifications 

appear as small particle agglomerates and localized 

surface heterogeneities, which manifest in the form of a 

more granular texture, increased surface roughness, and 

larger clusters. Such microstructural inhomogeneities can 

create stress concentration points and reduce the local 

mechanical integrity of the film, and by generating 

preferential diffusion pathways and disrupting the local 

ordering of polymer chains, they can also affect the barrier 

properties and thermal stability of the material [33, 34]. 

Analysis of the C–C8 images demonstrates that the CMT-

based films exhibit a more uniform and mechanically 

robust surface compared to the TG-based films. The well-

defined cellular pattern observed in the CMT films 

containing ZnO fillers (C1–C4) indicates a more 

controlled shrinkage and improved network formation. 

Although nanoparticle agglomeration is present in the 

CMT-based samples, it generally appears on a larger scale 

with clearly defined boundaries (e.g., in C5 and C6). In 

contrast, in the TG-based films, the matrix–nanoparticle 

interactions more frequently lead to granular surface 

textures and dispersed microcracks (as seen in T1, T3, T5, 

and T7). The CMT films also show a higher capability to 

maintain surface integrity, and even after incorporating 

additives, they display fewer cracks than the TG-based 

films (except for sample C8). Moreover, the CMT-based 

samples typically exhibit larger and more well-defined 

crystalline domains, which may be attributed to stronger 

interactions between the carboxymethyl groups and the 

incorporated nanoparticles [35, 36]. 

Overall, a comparative examination of the CMT-based 

films (samples C-C8) indicates that the surface 

morphology of CMT exhibits a denser, more uniform, and 

structurally more stable network compared to TG-based 

films. FESEM images show that the CMT matrix, after the 

incorporation of ZnO/CuO nanoparticles and plant 

extracts, undergoes only limited disruptions and still 

maintains its continuous polymeric structure with fewer 

cracks and lower surface roughness. Even in samples with 

higher nanoparticle concentrations (such as C1, C3, C5, 

C7), the CMT network retains its integrity, and the fillers 

are more uniformly distributed within the matrix. This 

behavior suggests that CMT is inherently more resistant 

to morphological degradation, whereas TG films, under 

the same additives, rapidly lose their structural order and 

experience significant spreading or structural failure. The 

higher stability of CMT can be attributed to its greater 

degree of branching, the presence of carboxymethyl 

groups, and its higher capacity for hydrogen bonding—

factors that ultimately enhance the mechanical properties, 

and barrier performance of the resulting nanocomposite 

films [37, 38]. Elemental mapping and quantitative 

elemental analysis were carried out by EDS integrated 

into the FESEM (Sigma 300 VP, ZEISS, Germany). Fig. 

S6 and Fig. S7 (in the supplementary information) show 

the EDS spectra of the neat and nanocomposite films 

based on TG and CMT, respectively. The neat films (T 

and C) consist of two elements, carbon (C) and oxygen 

(O), whereas the nanocomposite films contain C, O, zinc 

(Zn), copper (Cu), sodium (Na), potassium (K), and 
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calcium (Ca). The presence of Na, K, and Ca is attributed 

to the plant extracts incorporated into the nanocomposite 

films. Fig. S8 and Fig. S9 (in the supplementary 

information) present the elemental mapping images of the 

neat and nanocomposite films based on TG and CMT, 

respectively. The elemental mapping analyses (Fig. S8 

and Fig. S9) reveal clear differences in the distribution of 

nanoparticles within the TG- and CMT-based films. In the 

TG series, the neat film (T) shows uniform distributions 

of C and O, whereas the nanocomposite samples exhibit 

the expected elemental signatures of Zn or Cu together 

with Na, K, and Ca originating from the plant extracts.

 

Figure 3. SEM micrograph of nanocomposite films based on TG (T series) and CMT (C series) 
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Although ZnO-containing films (T1, T3) display 

relatively homogeneous Zn dispersion with only small 

localized clusters, the CuO-containing films (T5, T7) 

show more pronounced agglomeration, particularly in T5, 

where large Cu-rich domains appear. In contrast, the 

CMT-based films demonstrate significantly more uniform 

elemental distributions. The Zn- and Cu-containing 

samples (C1–C7) show well-dispersed nanoparticles with 

much smaller and fewer aggregation sites, and the matrix 

remains continuous even at higher nanoparticle loadings. 

The more homogeneous distribution of elements in CMT 

films confirms their superior compatibility with both 

ZnO/CuO nanoparticles and plant extracts, supporting the 

FESEM observations that CMT forms a more stable and 

structurally coherent matrix compared to TG. These 

results highlight the ability of CMT to better stabilize and 

disperse inorganic and organic additives, which is 

expected to contribute to the improved mechanical, and 

barrier properties observed in CMT-based nanocomposite 

films. 

 

3.4. Mechanical properties of films 

 

Properties of the nanocomposite films were evaluated 

using a universal testing machine (Universal Testing 

Machine, SANTAM, STD Series, Iran) equipped with a 6 

N load cell. The tests were conducted at room temperature 

with a crosshead speed of 10 mm/min, following the ISO 

527 standard for thin polymeric films. Prior to testing, the 

samples—with an approximate thickness of 100 μm—

were cut into strips with dimensions of 10 mm × 60 mm 

and conditioned at 25 °C for 24 hours to ensure moisture 

equilibration. In this section, a detailed analysis of the 

stress–strain behavior of the TG-based (T series) and 

CMT-based (C series) nanocomposite films are presented. 

This analysis focuses on tensile strength, elongation at 

break, and variations in stiffness resulting from the 

incorporation of metal oxide nanoparticles and plant 

extracts. Fig. 4A and Fig. 4B show the results of the 

tensile test. The tensile stress–strain curves of the TG-

based (Fig. 4A) and CMT-based (Fig. 4B) nanocomposite 

films reveal significant differences in their mechanical 

performance as a function of formulation. In both sets, the 

incorporation of metal oxide nanoparticles and plant 

extracts leads to noticeable improvements in tensile 

strength, although the extent of enhancement varies 

among samples. For the TG-based films (T series), the 

neat sample (T) shows the highest elongation at break, 

indicating a more flexible behavior. Upon the addition of 

nanoparticles and extracts (T1–T8), the curves shift 

toward higher stress values, accompanied by a reduction 

in strain, suggesting that reinforcement increases stiffness 

but decreases flexibility. Among these films, samples T3, 

T7, and T8 exhibit the highest stress values, reflecting an 

effective interaction between TG chains, nanoparticles, 

and bioactive compounds, which results in stronger and 

more rigid structures. For the CMT-based films (C series), 

a similar trend is observed; however, the mechanical 

improvement is more pronounced compared to the TG 

series. The neat film (C) displays moderate strength with 

relatively high strain, while the modified C1–C8 films 

show significant increases in tensile strength due to the 

enhanced compatibility provided by carboxymethyl 

functional groups [39, 40]. Samples C4 and C7 

demonstrate the highest tensile strength, confirming that 

CMT provides a more stable and interconnected network 

capable of efficient nanoparticle dispersion and stronger 

hydrogen bonding [41, 42]. Overall, the results show that 

CMT-based nanocomposites generally outperform TG-

based ones in terms of mechanical strength, likely due to 

their higher branching degree, greater density of 

carboxymethyl groups, and superior interfacial 

interactions with the incorporated nanoparticles and plant 

extracts [43, 44].  

 

3.5. Wettability of films 

 

The static contact angle analysis was performed to 

evaluate the surface wettability of the TG-based (T series) 

and CMT-based (C series) nanocomposite films. The 

static contact angle of the films was measured using a 

Contact Angle Goniometer (CAG20, Jikan, Iran). For 

each film, measurements were recorded at a minimum of 

three different surface points, and the mean value was 

reported as the final contact angle. Statistical analysis was 

performed using one-way ANOVA, followed by Tukey’s 

post hoc test to identify significant pairwise differences at 

a 95% confidence level (p < 0.05). All data are presented 

as mean ± standard deviation (SD). 

The contact angle measurements (Fig. 4C and 4D) 

revealed that the surface wettability of the nanocomposite 

films is strongly influenced by the combined effects of the 

polymer matrix (TG or CMT), the type of plant extract 

(cinnamon or clove), and the type and concentration of 

metal oxide nanoparticles (ZnO or CuO at 3% and 5%). 

Overall, CMT-based films exhibited lower contact 

angles compared to TG-based films, indicating higher 

hydrophilicity and greater surface energy. In both polymer 

matrices, samples containing clove extract (samples 3, 4, 

7, 8) showed the lowest contact angles due to the presence 

of polar phenolic groups [45], resulting in enhanced 

surface hydrophilicity. Conversely, films containing 

cinnamon extract (samples 1, 2, 5, 6) presented higher 

contact angles, reflecting a more hydrophobic surface 

character [46]. The incorporation of nanoparticles further 

modified the surface behavior. ZnO nanoparticles 

generally decreased the contact angle and enhanced 

wettability owing to their semi-polar nature [47, 48], 
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while CuO nanoparticles—particularly at 5 wt%—in 

combination with cinnamon extract increased the contact 

angle, thereby promoting surface hydrophobicity [49, 50]. 

Increasing nanoparticle content from 3% to 5% amplified 

these trends and caused notable shifts in surface energy. 

According to the statistical analysis (one-way ANOVA 

followed by Tukey’s test), several of these variations were 

statistically significant (p < 0.05), confirming that 

molecular interactions and structural modifications play a 

key role in determining the surface properties of the films. 

These findings emphasize the importance of the 

synergistic selection of extract type and nanoparticle 

characteristics in engineering active food-packaging 

films. Based on surface wettability and contact angle 

behavior, the films can be matched to different food-

packaging needs: Films with higher contact angles (more 

hydrophobic), especially those containing cinnamon 

extract + CuO, are suitable for dry foods, snacks, spices, 

and moisture-sensitive products, as their lower surface 

energy provides better moisture barrier performance. 

Films with moderate contact angles, such as many TG-

based samples and certain ZnO-containing films, are 

appropriate for general food-packaging applications, 

offering a balanced combination of flexibility, barrier 

properties, and bioactivity. 

Films with low contact angles (more hydrophilic), 

particularly CMT + ZnO + clove extract formulations, are 

ideal for fresh produce, fruits, vegetables, high-respiration 

foods, and edible coatings, where controlled moisture 

exchange is necessary to prevent condensation and 

maintain freshness. This classification demonstrates that 

the combined selection of extract type and nanoparticle 

characteristics can effectively tailor films for specific 

food-packaging applications. 

Due to the high moisture sensitivity and mold 

susceptibility of raw pistachios, the most suitable films for 

their packaging are those with higher contact angles and 

greater hydrophobicity. Among the tested formulations, 

the films containing cinnamon extract combined with 

CuO nanoparticles (e.g., T5–T6 and C5–C6) are the most 

effective, as they provide improved moisture barrier 

performance and offer strong antibacterial activity (See 

section 3.6), thereby enhancing the shelf life of raw 

pistachios. 

 

Figure 4. Tensile strength and contact angle of neat and nanocomposite films. (A)  Tensile strength of TG-based and (B) CMT-based films. (C) Mean static 

contact angles (°) of TG-based (T–T8) and (D) CMT-based (C–C8) films. Data are presented as mean ± standard deviation (n = 3). Asterisks (*) indicate 

statistically significant differences (p < 0.05) between the indicated groups. Representative contact angle images for each sample are displayed on the 

corresponding bars 

A B 

C D 
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3.6. Determining the transparency of films 

 

The optical clarity of the TG- and CMT-based films was 

evaluated using UV–Vis spectroscopy (Lambda 25, 

PerkinElmer, USA) at 600 nm. In accordance with 

commonly used analytical methods for biopolymer films 

(ASTM D1746-92), the transparency index was 

calculated using  

𝑇𝑟𝑎𝑛𝑠𝑝𝑎𝑟𝑒𝑛𝑐𝑦 = %𝑇 = 10(2−𝐴) 

where %T is the percent transmittance of light and A is the 

absorbance of light. And opacity was calculated using the 

following equation:  

𝑂𝑝𝑎𝑐𝑖𝑡𝑦 =  
𝐴₆₀₀ 

𝑥
 

where A₆₀₀ is the absorbance at 600 nm and x is the film 

thickness (0.1 mm) [51]. It is important to note that in this 

definition, higher values represent higher absorbance and 

therefore greater opacity, whereas lower values indicate 

greater transparency and higher light transmittance. The 

results (Table 2) revealed a clear difference between the 

two polymeric systems. TG-based films exhibited 

significantly lower opacity index values (mean 2.97 ± 

0.97 mm⁻¹) compared to CMT-based films (mean 7.56 ± 

2.52 mm⁻¹), indicating that TG films are substantially 

more transparent than their CMT counterparts. The higher 

opacity index of the CMT films suggests greater light 

absorption and scattering, leading to reduced optical 

clarity. 

The observed difference can be attributed to structural 

variations between the two gums. Carboxymethylation 

increases the density of negatively charged groups in 

CMT, which may enhance water affinity [52], introduce 

heterogeneity into the polymeric network [53], and 

promote light scattering [54].  

In contrast, TG generally forms more uniform 

matrices, and its water-soluble fraction (tragacanthin) is 

known to generate clearer solutions, contributing to the 

higher transparency of TG films [55]. Overall, these 

findings demonstrate that TG-based films possess 

superior optical transparency compared to CMT-based 

films, making them more suitable for applications such as 

biodegradable packaging and coating films where higher 

light transmittance is desirable. 

 

Table 2. Transparency and opacity values of films based on TG (T series) and CMT (C series) at a wavelength of 600 nm (film thickness=0.1 mm) 

Opacity Index (mm-1) T (at 600 nm) % 𝑇 = 10−𝐴 A600 (Absorbance) Sample 

1.2726 74.60% 0.74600 0.12726 T 

2.8889 51.42% 0.51417 0.28889 T1 

3.1647 48.25% 0.48254 0.31647 T2 

2.4211 57.27% 0.57265 0.24211 T3 

1.8777 64.90% 0.64898 0.18777 T4 

4.1883 38.12% 0.38122 0.41883 T5 

4.0023 39.79% 0.39790 0.40023 T6 

3.4869 44.80% 0.44803 0.34869 T7 

3.4440 45.25% 0.45248 0.34440 T8 

3.7617 42.057% 0.42057 0.37617 C 

7.1788 19.148% 0.19148 0.71788 C1 

6.8319 20.740% 0.20740 0.68319 C2 

5.5536 27.838% 0.27838 0.55536 C3 

5.2586 29.795% 0.29795 0.52586 C4 

11.4941 70.890% 0.70890 1.14941 C5 

10.3137 9.303% 0.09303 1.03137 C6 

9.2328 11.932% 0.11932 0.92328 C7 

8.3759 14.535% 0.14535 0.83759 C8 
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Figure 5. Images of the antibacterial test on various (A) TG- and (B) CMT-based neat and nanocomposite films 

 

Table 3. Inhibition zone diameter (mm) for TG- (T series) and CMT-based (C series) nanocomposite films 

Staphylococcus 

aureus (+St) 

Escherichia  

coli (-E) 
Sample 

Staphylococcus 

aureus (+St) 

Escherichia 

coli (-E) 
Sample 

0 0 C 0 0 T 

12 0 C1 0 10 T1 

0 0 C2 0 10 T2 

12 0 C3 11 11 T3 

0 0 C4 0 0 T4 

9 0 C5 10 9 T5 

0 0 C6 10 11 T6 

0 0 C7 10 0 T7 

0 0 C8 11 10 T8 

 

A 

B 
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3.7. Antibacterial studies of films 

 

The antibacterial properties of the synthesized films were 

evaluated through antimicrobial assays against two 

representative bacterial strains, Escherichia coli (-E) and 

Staphylococcus aureus (+St) (Fig. 5). These tests were 

conducted to assess the films’ ability to inhibit microbial 

growth and to enhance the safety and shelf life of food 

products. The following results indicate that the 

incorporation of nanoparticles and plant extracts plays a 

significant role in improving the antibacterial activity of 

the films. 

The antibacterial assay results (Table 3) of TG- and 

CMT-based films indicate that the presence of active 

components, including nanoparticles and plant extracts, 

significantly inhibits bacterial growth. For TG-based 

films, samples T1, T2, and T3 showed inhibition zones of 

10–11 mm against Escherichia coli, whereas antibacterial 

activity against Staphylococcus aureus was mainly 

observed in T3, T5-T6. Similarly, among the CMT-based 

films, samples C1 and C3 exhibited the highest 

antibacterial activity against Staphylococcus aureus, 

while none of the samples inhibited Escherichia coli. 

These results suggest that the specific combination of 

nanoparticles and plant extracts can exert selective effects 

on different bacterial species, providing notable 

antibacterial performance for food packaging 

applications. 

For comparison, standard antibiotics tested under 

CLSI-recommended disk diffusion conditions typically 

exhibit inhibition zones for susceptible strains of 

foodborne bacteria of ≥17 mm for ampicillin and ≥15 mm 

for gentamicin at the indicated disc concentrations. These 

values serve as benchmark references for antimicrobial 

efficacy [56].  

In contrast, the inhibition zones observed for the 

developed nanocomposite films are smaller but still 

significant, reflecting their role as antimicrobial 

packaging materials rather than therapeutic agents. The 

sustained release of bioactive compounds and metal ions 

from the films contributes to effective microbial growth 

suppression on food surfaces over extended storage 

periods. 

In the present study, the antibacterial activity of the 

composite films was evaluated using the agar diffusion 

(zone of inhibition) method, which is a widely accepted 

qualitative–semiquantitative approach for assessing the 

antimicrobial performance of solid polymeric materials 

and food packaging films [57]. This method provides a 

direct and reproducible indication of bacterial growth 

suppression through the formation of clear inhibition 

zones around the samples, resulting from the diffusion of 

active antimicrobial species from the film matrix into the 

surrounding agar medium. While quantitative techniques 

such as bacterial colony counting or fluorescence-based 

live/dead staining can offer additional insights into 

bacterial viability, they are not essential for confirming 

comparative antibacterial performance in applied food 

packaging studies [58]. Therefore, the antibacterial 

evaluation in this work focuses on comparative inhibition 

efficiency among different film formulations, which is 

sufficient to demonstrate the antimicrobial contribution of 

ZnO and CuO nanoparticles within the biopolymer 

matrix. 

 

3.8. Antioxidant studies of films 

 

In this study, the antioxidant activity of the 

nanocomposite films based on TG and CMT was 

evaluated using the DPPH radical inhibition assay 

following Brand-Williams et al. [59] with minor 

modifications. A 25 ppm DPPH solution was first 

prepared, and 0.01 g of each film sample was immersed in 

1 mL of this solution (Fig. 6A and Fig. 6B). The 

characteristic deep purple color of the DPPH radical is 

clearly visible, indicating that no radical inhibition has 

occurred at this initial stage (0 h). The samples were kept 

in the dark at room temperature for 24 hours to allow the 

antioxidant compounds within the films to interact with 

the DPPH radicals (24 h). The observable discoloration of 

the DPPH medium surrounding the films indicates radical 

inhibition activity, with the extent of color fading 

corresponding to the antioxidant capacity of each film 

formulation. After incubation, the supernatant was 

collected, and its absorbance was measured at 517 nm. 

The radical inhibition activity (percent inhibition) was 

calculated using the following equation: 

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙

× 100 

where Acontrol is the absorbance of the DPPH solution 

without sample and Asample  is the absorbance with the 

tested sample. To quantify the antioxidant capacity in 

terms of a known standard, an ascorbic acid (AA) 

calibration curve was generated [59]. Ascorbic acid 

solutions with concentrations of 5, 10, 25, 50, and 100 

mg/mL were prepared, and 0.5 mL of each solution was 

mixed with 0.5 mL of DPPH. After 30 minutes of 

incubation in the dark, absorbance was recorded at 517 

nm, and inhibition percentages were calculated. A 

calibration curve (inhibition percentage vs. ascorbic acid 

concentration) was then constructed (Fig. 6C), and the 

obtained regression equation was used to determine the 

ascorbic acid equivalents (AAE) of the film samples. 

Standard equation: 

38.6562 + 0.41715𝑥 = 𝑦 

𝑦 − 38.6562

0.41715
= 𝑥 
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The results demonstrated that both TG- and CMT-

based films exhibited considerable antioxidant activity 

(Table 4). The inhibition percentages for the TG samples 

ranged from 30.8% to 71.3%, whereas the CMT samples 

ranged from 28.3% to 70.7%, indicating the ability of 

these films to inhibit free radicals. Variations among 

samples can be attributed to differences in the gum matrix, 

polymer network structure, and interactions between 

nanoparticles and plant extracts [60].  

Based on the standard curve equation, AAE values 

were calculated. It should be noted that due to the 

mathematical nature of this parameter, some values fell 

below zero; since negative antioxidant equivalents have 

no physical meaning, such values were reported as zero, 

according to standard scientific practice. This approach is 

consistent with the concept of estimating capacity at zero 

concentration [61] and aligns with best practices in 

analytical antioxidant assays to avoid misinterpretation of 

biologically meaningless negative values  [62]. 

Overall, the findings indicate that the incorporation of 

ZnO or CuO nanoparticles together with plant extracts 

such as cinnamon or clove significantly enhances the 

antioxidant capability of the films. This improvement 

highlights their potential application as bioactive food-

packaging materials capable of inhibiting oxidation and 

extending shelf life.

 

 

Figure 6.  Visual appearance of (A) TG- and (B) CMT-based films immediately after immersion (0 h) and after 24 h of incubation in DPPH solution (24 h). 

(C) Calibration curve of ascorbic acid (AA) used for quantifying antioxidant capacity. The linear relationship between absorbance and AA concentration 

was used to calculate the ascorbic acid equivalent (AAE) values of the samples 

C 
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Table 4.  Antioxidant test results of TG- (T series) and CMT- (C series) based films 

Ascorbic Acid 

Equivalent 

(AAE), mg/mL 

Inhibition 

(%) 
Sample 

Ascorbic Acid 

Equivalent 

(AAE), mg/mL 

Inhibition 

(%) 
Sample 

0* 28.30 C 0* 30.82 T 

76.00 70.36 C1 58.24 62.95 T1 

66.70 66.48 C2 59.00 63.27 T2 

76.24 70.46 C3 62.31 64.65 T3 

69.29 67.56 C4 78.28 71.31 T4 

69.29 67.56 C5 56.30 62.14 T5 

61.28 64.22 C6 65.96 66.17 T6 

76.89 70.73 C7 65.21 65.86 T7 

29.42 50.93 C8 65.74 66.08 T8 

* In cases where the absorbance of the sample exceeded that of the control, the calculated inhibition percentage yielded a negative value. Such negative 

values were set to zero, as recommended in DPPH assay methodology, because negative inhibition activity has no physiological relevance 

 

3.9. Biodegradability studies of films 

 

To evaluate biodegradability, film samples measuring 2 × 

2 cm were cut and buried in potting soil at a depth of 2–3 

cm. The soil was regularly watered over a period of 100 

days to maintain moisture and provide suitable conditions 

for degradation. After 100 days, the samples were 

retrieved from the soil, and photographs were taken to 

assess visual changes and the extent of degradation 

The biodegradation results (Fig. 7) reveal significant 

degradation in both TG-based and CMT-based films after 

100 days of soil burial, though the extent and pattern of 

decomposition varied among the samples. 

In the TG-based films (T series), the neat film (T) and 

all modified samples (T1–T8) were highly fragmented 

after 100 days, indicating high biodegradability of TG-

based films. The presence of ZnO or CuO nanoparticles 

and plant extracts did not hinder the degradation process; 

in some cases, the organic nature of the extracts may have 

even enhanced microbial activity and accelerated 

breakdown [63]. In the CMT series, an important 

observation is that samples C2, C3, C7, and C8 were 

completely decomposed, leaving no visible residues in the 

100-day image. This suggests that the combination of 

specific fillers and clove extract in these films 

significantly increased biodegradability, likely due to the 

microbial stimulatory effects of phenolic compounds [13]. 

Conversely, samples such as C1, C4, C5, and C6 retained 

larger fragments, indicating greater structural stability, 

which aligns with the more compact, ionically cross-

linked and cohesive network of CMT, typically known to 

slow water penetration and microbial enzymatic activity 

[64]. Overall, TG films exhibit the most uniform 

biodegradation rate. CMT films show filler- and extract-

dependent behavior, with some samples fully degraded 

(C2, C3, C7, C8) and others displaying moderate 

stability.  These findings suggest that TG films are ideal 

for short-term, fully biodegradable packaging, while 

selected CMT films (C1, C4, C5, C6) are better suited for 

applications requiring longer-lasting structural integrity . 

The apparent contradiction between lower contact 

angles (higher surface hydrophilicity), reduced bulk 

moisture absorption, and enhanced biodegradation for 

certain CMT films can be reconciled by recognizing the 

different scales probed by the measurements. Contact 

angle reflects surface polarity and promotes microbial 

adhesion [65], whereas moisture absorption measures 

bulk water diffusion. A denser, low-free-volume CMT 

network can limit bulk water absorption, while its polar 

surface (carboxymethyl groups) increases microbial 

attachment and enzyme adsorption. Once colonized, 

microbes secrete enzymes that locally depolymerize the 

surface and progressively penetrate the film. Additionally, 

plant extracts and dissolved ions can stimulate microbial 

activity, and microstructural defects from nanoparticle 

distribution can create preferential degradation sites. 

Collectively, these factors explain why some CMT films 

exhibit lower moisture absorption yet faster biological 

degradation [13]. In addition to biodegradability, the 

biocompatibility and safety of the developed composite 

films are critical considerations for food packaging 

applications. The films in this study are composed 

exclusively of naturally derived polysaccharides 

(tragacanth gum and carboxymethyl tragacanth gum) and 

metal oxide nanoparticles (ZnO and CuO), all of which 

have been extensively reported as safe and suitable for 

food-related applications when used within controlled 

concentrations.
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Figure 7. Biodegradability test images of (A) TG- (T series) and (B) CMT - (C series) based films 

 

In addition to biodegradability, the biocompatibility 

and safety of the developed composite films are critical 

considerations for food packaging applications. The films 

in this study are composed exclusively of naturally 

derived polysaccharides (tragacanth gum and 

carboxymethyl tragacanth gum) and metal oxide 

nanoparticles (ZnO and CuO), all of which have been 

extensively reported as safe and suitable for food-related 

applications when used within controlled concentrations. 

Tragacanth-based polymers are biodegradable, non-toxic, 

and generally recognized as safe (GRAS), with long-

standing use in food and pharmaceutical products [66, 67]. 

ZnO and CuO nanoparticles have also been widely 

employed in antimicrobial food packaging systems, and 

their safety profiles are well documented in the literature 

[68, 69]. Importantly, SEM, FTIR, and XRD analyses 

confirm that ZnO and CuO nanoparticles are immobilized 

within the polymer matrix rather than existing as free 

particles. Such immobilization significantly reduces 

potential cytotoxicity by limiting direct biological 

exposure and uncontrolled ion release [70, 71]. Therefore, 

based on material composition, structural immobilization, 

degradation behavior, and extensive literature evidence, 

the developed composite films demonstrate a favorable 

biocompatibility profile suitable for food packaging 

applications [72, 73].  

 

3.10. Determination of moisture absorption 

 

The moisture absorption test was conducted in accordance 

with standard procedures for evaluating the humidity 

response of biopolymer-based films, aiming to determine 

their hydrophilic stability and sensitivity to environmental 

moisture key performance factors in food packaging 

applications. 

       Moisture absorption was determined according to 

ASTM E104-02 using a saturated NaCl solution (75 ± 2% 

RH at 25 °C). Before placing the film samples in the 

desiccator, each specimen was initially weighed. A 1 cm 

layer of saturated NaCl solution had been introduced into 

the desiccator approximately 2 h prior to testing, and the 

samples were placed on a mesh stand above the solution. 

The films were reweighed at predetermined time intervals 

of 24, 48, and 72 h (extended to 120 h in this study) (Fig. 

8A). The moisture absorption percentage was then 

calculated using the following equation: 

Moisture absorption (%) = 
𝑊𝑡−𝑊0

𝑊0
× 100 

where 𝑊0 is the initial dry weight and 𝑊𝑡 is the weight at 

each time point (according to ASTM E104 standard). 

Based on the results of tensile and antibacterial tests, 

samples T3 and C3 were selected as the optimal 

formulations for subsequent moisture absorption and gas 

permeability evaluations (see Section 3.11). These 

samples exhibited a favorable balance between tensile 

strength and elongation at break, along with enhanced 

antibacterial performance, while maintaining a 

homogeneous morphology and uniform nanoparticle 

dispersion as observed in FESEM analyses. The moisture 

absorption results (Fig. 8B and Fig. 8C) for samples T3 

and C3, each evaluated with five replicates, indicate a 

similar increasing trend in moisture uptake over the 120-

hour period. Sample T3 exhibited a higher initial moisture 

absorption (approximately 21% at 24 hours), gradually 

rising to 24.59% at 120 hours. This moderate increase 

suggests that the presence of metal oxide nanoparticles 

A 

 

B 
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and clove extract enhances the interaction of the TG-based 

matrix with environmental humidity, leading to slightly 

greater water retention capacity. Conversely, sample C3 

consistently showed lower moisture absorption across all 

time points (starting at 19.62% and increasing to 22.87% 

at 120 hours). This behavior can be attributed to the more 

branched, structured, and compact nature of the CMT 

polymer network, which generally reduces water 

permeability and creates a more effective barrier against 

moisture penetration [74]. Overall, the comparison shows 

that C3 demonstrates lower and more stable moisture 

absorption, making it more suitable for packaging food 

products sensitive to humidity. Meanwhile, T3 exhibits 

slightly higher moisture uptake, which may be beneficial 

in applications where gradual moisture regulation is 

desirable. 

 

 
Figure 8. Results of moisture absorption and gas permeability tests for optimized samples (T3 and C3). (A) Moisture absorption test schematic. Moisture 

absorption results for (B) T3 and (C) C3; bar chart showing mean ± SD (n = 5). Gas permeability result for (D) T3 and (E) C3 

A 
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3.11. Gas permeability measurement 

 

The oxygen permeability of samples T3 and C3 was 

evaluated using a gas permeability analyzer according to 

ASTM D1434 at 23 °C under an oxygen atmosphere. Both 

samples were tested with a constant effective area of 50.24 

cm². The thicknesses of T3 and C3 were measured to be 

78 µm and 70 µm, respectively. Sample C3 exhibited a 

lower oxygen transmission rate (26.80 cm³/m²·24 h·0.1 

MPa) compared to T3 (27.53 cm³/m²·24 h·0.1 MPa), 

despite its lower thickness (Figs. 8D and 8E). This result 

indicates an intrinsically improved oxygen barrier 

performance for C3. 

The diffusion coefficient of oxygen in C3 (D=8.17 × 

10⁻⁶ cm²/s) was significantly higher than that of T3 

(D=2.26 × 10⁻⁸ cm²/s), while the oxygen solubility 

coefficient showed an opposite trend, with C3 exhibiting 

a markedly lower solubility (S(C3)=2.66 × 10-10 

cm3/cm2.cm.Pa, and S(T3) =1.1 × 10-7 cm3/cm2.cm.Pa). 

Since gas permeability is governed by the product of 

diffusion and solubility (P = D × S), the reduced oxygen 

solubility in C3 outweighs the effect of its higher diffusion 

coefficient, resulting in an overall lower oxygen 

transmission rate. In contrast, the higher lag time observed 

for T3 (449 s compared to 1 s for C3) suggests a denser 

polymer network that delays initial oxygen permeation; 

however, the higher oxygen solubility within its matrix 

ultimately leads to increased steady-state permeation. 

These findings are consistent with morphological 

observations from FESEM analysis, where a more 

uniform and compact microstructure with fewer 

microcracks was observed for C3, facilitating reduced gas 

solubility. Additionally, the improved barrier behavior of 

C3 correlates well with its lower contact angle and 

stronger intermolecular interactions, which likely 

decrease the free volume within the polymer matrix. 

Overall, the enhanced oxygen barrier performance of C3 

highlights its potential suitability for oxygen-sensitive 

food packaging applications, where reduced oxygen 

transmission is critical for prolonging shelf life and 

preventing oxidative degradation. 

In addition to the quantitative permeability 

parameters, the real-time evolution of transmittance, 

pressure, and temperature profiles shown in Figs. 8D and 

8E provides further insight into the gas transport behavior 

of samples T3 and C3. For both samples, a gradual 

increase in oxygen transmittance was observed with time 

until a quasi-steady state was reached, indicating the 

establishment of stable permeation conditions. The 

delayed rise in transmittance for sample T3 is consistent 

with its longer lag time, reflecting a more resistant initial 

diffusion stage through the polymer matrix. In contrast, 

sample C3 exhibited a more rapid onset of transmittance, 

in agreement with its significantly shorter lag time. 

The pressure profiles reveal a continuous increase in 

the lower chamber pressure while the upper chamber 

pressure remained nearly constant throughout the 

experiment, confirming proper sealing and stable 

operating conditions of the permeability cell. Notably, the 

slope of the lower chamber pressure increase was slightly 

lower for C3 compared to T3, which is consistent with its 

reduced oxygen transmission rate at steady state. This 

observation further supports the conclusion that, despite 

faster initial diffusion, the overall oxygen transport 

through C3 is effectively restricted. 

Moreover, the temperature profiles remained 

relatively stable during the measurements, with only 

minor fluctuations around the set point, indicating that 

thermal effects did not significantly influence the 

permeability results. The reproducible and smooth trends 

observed in both figures confirm the reliability of the 

experimental data and the intrinsic nature of the 

differences between T3 and C3. Overall, the time-

dependent permeation behavior depicted in Figs. 8D and 

8E corroborates the quantitative permeability analysis and 

highlights the superior oxygen barrier efficiency of 

sample C3. 

 

4. Practical application: Preservation 

performance of the developed edible films on 

raw pistachios 

 

The practical applicability of the developed edible films 

was evaluated through their use as active packaging 

materials for raw pistachios, a high-value nut highly 

susceptible to microbial contamination, oxidative 

degradation, and quality deterioration during storage. The 

edible films were formulated based on tragacanth gum 

(TG) and carboxymethyl tragacanth (CMT), reinforced 

with biogenic zinc oxide (ZnO) or copper oxide (CuO) 

nanoparticles and enriched with natural plant extracts, 

namely clove or cinnamon, to impart antimicrobial and 

antioxidant functionalities. This application study was 

designed to assess the real-world preservation potential of 

the films beyond laboratory-scale characterization. 

Raw pistachios were uniformly coated with the 

developed edible films and stored under ambient 

conditions to simulate typical market and household 

storage environments. For comparison, pistachios 

packaged in conventional commercial plastic bags 

commonly used in the market were considered as control 

samples. During the storage period, both coated and 

control pistachios were visually monitored to evaluate 

their apparent quality, including surface appearance, 

discoloration, and the presence of visible microbial 

spoilage. No quantitative microbiological or 

physicochemical analyses were performed, and the 

assessment was limited to visual observations. 
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Figure 9. Packaging of raw pistachios using conventional plastic films and TG/CMT-based edible films containing biogenic nanoparticles and plant extracts. 

The active edible films significantly improved the preservation quality and extended the shelf life of pistachios during storage 

 

The results demonstrated that pistachios coated with 

the functionalized edible films exhibited noticeably 

improved visual stability compared to the control samples 

packaged in conventional plastic bags. While the control 

pistachios showed visible signs of quality deterioration 

and microbial spoilage during storage, the pistachios 

packaged with the TG- and CMT-based edible films 

remained free from observable spoilage for up to 12 days 

under ambient conditions (Fig. 9). This improvement in 

apparent shelf life suggests that the developed edible films 

provide enhanced protective effects compared to 

conventional plastic packaging. 

The improved preservation performance can be 

attributed to several synergistic mechanisms inherent to 
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the film formulation. First, the reduced oxygen 

permeability of the TG- and especially CMT-based films, 

as confirmed by gas permeability measurements, limited 

oxygen diffusion to the pistachio surface, thereby slowing 

oxidative reactions responsible for rancidity and quality 

loss. Second, the enhanced mechanical integrity of the 

films ensured sufficient coating stability and surface 

coverage during storage, preventing film cracking or 

detachment that could expose the pistachios to 

environmental contaminants. 

Moreover, the incorporation of biogenic ZnO or CuO 

nanoparticles imparted strong antimicrobial activity to the 

films. These nanoparticles are known to inhibit the growth 

of a wide range of microorganisms through mechanisms 

such as the generation of reactive oxygen species, 

disruption of microbial cell membranes, and interference 

with essential cellular processes.  

In parallel, the presence of clove or cinnamon extracts 

further enhanced the antimicrobial efficacy due to their 

bioactive compounds, such as eugenol and 

cinnamaldehyde, which exhibit well-documented 

antimicrobial and antioxidant properties. The combination 

of metal oxide nanoparticles and plant extracts within the 

biopolymer matrix resulted in a synergistic effect, 

providing sustained antimicrobial protection at the food–

film interface. 

Additionally, the hydrophilic nature and compact 

network structure of the TG- and CMT-based films 

contributed to controlled moisture interactions, reducing 

surface condensation and creating less favorable 

conditions for microbial proliferation. The stronger 

intermolecular interactions and denser network structure 

observed in CMT-based films further enhanced this effect, 

explaining their superior preservation performance in 

comparison to TG-based counterparts. 

Importantly, the edible and bio-based nature of the 

developed films addresses increasing consumer and 

industrial demands for sustainable and environmentally 

friendly food packaging solutions. The use of natural 

polysaccharides, green-synthesized nanoparticles, and 

plant-derived extracts ensures that the films are not only 

effective but also aligned with clean-label and eco-

conscious packaging trends. The simplicity of the coating 

process further supports the feasibility of scaling up this 

technology for commercial applications. 

Overall, the application study on raw pistachios 

demonstrates that the developed TG- and CMT-based 

edible films function as efficient active packaging systems 

capable of significantly extending shelf life while 

preserving product quality under ambient storage 

conditions. These findings underscore the strong potential 

of the formulated films for practical use in the 

preservation of raw pistachios and other high-value nuts 

and dried food products, offering a promising strategy for 

reducing post-harvest losses and enhancing food safety 

through sustainable packaging technologies. 

 

5. Future prospects 

 

Beyond pistachio packaging, the developed TG- and 

CMT-based nanocomposite films show strong potential 

for application in a wide range of food packaging systems, 

including dried fruits, nuts, bakery products, and oxygen- 

or moisture-sensitive foods, where balanced mechanical 

strength and barrier performance are critical. From an 

industrial perspective, future studies should focus on 

scale-up challenges such as process reproducibility, cost-

effectiveness of nanoparticle incorporation, and 

compatibility with conventional film-forming and coating 

technologies. In addition, although the current results 

demonstrate promising performance, comprehensive in 

vivo toxicity and long-term migration studies will be 

essential to fully assess the safety of these nanocomposite 

films and support their regulatory approval and 

commercial implementation. 

 

6. Conclusions 

 

This study demonstrates that the incorporation of natural 

polysaccharides, namely TG and CMT, in combination 

with biogenic metal oxide nanoparticles (ZnO or CuO) 

and plant-derived extracts (cinnamon or clove), 

effectively enhances both the mechanical and oxygen 

barrier properties of PVA-based bio-nanocomposite films. 

Specifically, the tensile strength increased from 38.84 

MPa in the neat CMT-based film to 41.69 MPa in its 

optimized formulation, whereas the TG-based films 

exhibited an increase from 43.46 MPa in the neat film to 

60.31 MPa upon optimization. Although some TG-based 

films exhibit higher tensile strength (44% higher than the 

corresponding CMT-based films), CMT-based films 

demonstrate a more favorable balance between strength 

and elongation, resulting in improved toughness and 

mechanical stability, which are critical for flexible food 

packaging applications. Comparative analysis of the 

obtained results revealed that CMT-based films 

consistently outperformed their TG-based counterparts 

across multiple characterization techniques. FESEM 

observations confirmed that CMT-containing films 

exhibited a more compact, and homogeneous 

microstructure with improved nanoparticle dispersion, 

which is essential for efficient stress transfer and the 

suppression of gas transport pathways. Surface wettability 

measurements showed a lower contact angle for CMT-

based films, (23.1° for optimized CMT-based films 

compared to 27.6° for optimized TG-based films) 

indicating enhanced intermolecular interactions and 

reduced free volume within the polymer matrix. Oxygen 
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permeability analysis demonstrated that the optimized 

CMT-based film (C3) achieved a lower oxygen 

transmission rate (26.80 cm³/m²·24 h·0.1 MPa) than the 

corresponding optimized TG-based film (T3) (27.53 

cm³/m²·24 h·0.1 MPa), despite its reduced thickness (70 

μm versus 78 μm). Detailed evaluation of diffusion and 

solubility coefficients revealed that the improved barrier 

performance of C3 was predominantly governed by 

decreased oxygen solubility (S(C3)=2.66 × 10-10 

cm3/cm2.cm.Pa) rather than diffusion resistance.  Overall, 

the convergence of structural, surface, mechanical, and 

gas barrier improvements highlights the superiority of 

CMT over TG as a reinforcing polysaccharide. 

Quantitatively, CMT-based films exhibited simultaneous 

improvements in tensile strength, surface wettability, and 

oxygen barrier performance, while maintaining suitable 

film integrity and thickness. The developed CMT-based 

nanocomposite films therefore represent promising 

candidates for sustainable, high-performance food 

packaging applications requiring a balanced combination 

of mechanical durability and effective oxygen barrier 

functionality. 
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