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Abstract 
The aim of this study was to develop and characterize carboxymethylated agar (CMA) based films crosslinked 

with citric acid, polyethylene glycol (PEG), and β-cyclodextrin for sustainable food packaging applications. The 
inherent brittleness, high hydrophilicity, and limited thermal stability of native agar films, which restrict their 
practical use in food packaging systems were considered as the aim of performing this study. Five distinct film 
formulations were prepared using different combinations of crosslinking agents, and their physicochemical, 
morphological, and thermal properties were systematically evaluated. The degree of substitution (DS) of 
carboxymethyl agar was determined to be 0.69, indicating successful chemical modification. Water contact angle 
analysis revealed that the CMA-P-β-A film exhibited the highest hydrophobicity, with a contact angle in the range 
of 80–89°, compared to approximately 67° for the control CMA film, demonstrating enhanced moisture resistance. 
Differential scanning calorimetry showed a significant increase in glass transition temperature (Tg), reaching 82.08 
°C for the CMA-P-β-A formulation, compared to 52.54 °C for CMA, confirming the formation of a highly 
crosslinked polymer network. FTIR and XRD analyses confirmed successful carboxymethylation and 
crosslinking, accompanied by reduced crystallinity and improved structural flexibility. SEM micrographs revealed 
smooth and homogeneous surfaces with interconnected polymer networks. Overall, the integrative 
carboxymethylation crosslinking strategy effectively enhanced the hydrophobicity, thermal stability, and structural 
integrity of agar-based films, highlighting the CMA-P-β-A formulation as the most promising candidate for 
environmentally friendly food packaging applications. These findings provide valuable insights into the design of 
advanced biopolymer-based packaging materials. 
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Introduction 
Agar is one of the earliest known natural 

polysaccharides extracted from red marine 
algae of the order Gracilariales. It is primarily 
composed of agarose and agaropectin, with 
agarose being the dominant fraction responsible 
for its gelling behavior. Agarose is a linear, 
electrically neutral polysaccharide consisting of 
repeating agarobiose units formed by 
alternating 3-O-linked β-D-galactopyranose 
and 4-O-linked 3,6-anhydro-α-L-
galactopyranose residues (Villanueva, Sousa, 
Gonçalves, Nisson, & Hilliou, 2010). Owing to 
its biocompatibility, renewability, and film-
forming ability, agar has been extensively used 
in food systems, pharmaceuticals, 
microbiological media, and biomedical 
applications (Surendran & Sherje, 2023). 
However, despite these advantages, native agar 
films suffer from several intrinsic limitations, 
including high brittleness, poor mechanical 
strength, excessive hydrophilicity, and limited 
thermal stability, which significantly restrict 
their application in practical food packaging 
systems (Zhang et al., 2020). To overcome 
these drawbacks, chemical modifications of 
agar, such as carboxymethylation, have been 
explored. Carboxymethylation introduces 
carboxymethyl functional groups into the 
polymer backbone, improving the solubility, 
transparency, flexibility, and stability of 
polysaccharides, making them more suitable 
for film-forming applications. Additionally, 
carboxymethyl cellulose (CMC) is another 
derivative widely used in the food packaging 
industry. CMC improves water solubility and 
film-forming ability, providing excellent 
moisture resistance and mechanical properties, 
which are crucial for packaging materials. This 
study investigates the effects of 
carboxymethylation of agar and the 
incorporation of crosslinking agents, including 
citric acid, polyethylene glycol (PEG), and β-
cyclodextrin, on the physicochemical, 
morphological, and thermal properties of 
polymer films for sustainable food packaging. 
The novelty of this work lies in the synergistic 

derivatization crosslinking strategy, which aims 
to mitigate the inherent limitations of agar and 
identify an optimized formulation suitable for 
environmentally friendly food packaging 
applications (Chakka & Zhou., 2020; Qi et al., 
2022). 

 

Materials and Methods 
After carboxymethylation of agar, agar-

based films were prepared using different 
crosslinking agents, and their physicochemical, 
structural, and thermal properties were 
evaluated to assess their potential application as 
food packaging materials, following 
approaches commonly reported for modified 
polysaccharide-based films (Roy, Kim, & 
Rhim, 2021; Abdollahi, Damirchi, Shafafi, 
Rezaei, & Ariaii, 2019). 

 
Agar Extraction 

Algae seedlings were collected from their 
natural habitat in Suru (Bandar Abbas, Iran) and 
transported to the laboratory for further 
processing. Agar was extracted from 
Gracilaria algae using an alkaline extraction 
method. Initially, the collected algae samples 
were thoroughly washed with distilled water to 
remove surface impurities, sand particles, and 
salts, and subsequently dried under ambient 
laboratory conditions. The dried algae were 
subjected to alkaline pretreatment using sodium 
hydroxide solution to facilitate the conversion 
of sulfate groups to 3,6-anhydrogalactose units 
and to improve agar gel strength and extraction 
yield. To remove residual alkali, the algae 
samples were then repeatedly washed with 
distilled water until neutral pH was achieved. 
Subsequently, the pretreated algae were soaked 
in distilled water and heated to initiate agar 
extraction. The resulting hot extract was filtered 
to remove insoluble residues and allowed to 
cool and form a gel at room temperature. The 
formed gels were dehydrated, washed with 
distilled water, and mechanically compressed 
to remove excess moisture. Finally, the 
extracted agar was dried in a hot air oven at 60 
°C, ground into powder form, and stored in 
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airtight containers for subsequent analyses 
(Abraham et al., 2018). The agar yield was 
calculated using the following equation:  

Yield (%) = (Weight of extracted dry agar)/ 
(Weight of dried algae) × 100 

 

Carboxymethylation of Agar 

The preparation of carboxymethylated agar 
was performed following the method described 
by Qi et al. (2022), with minor modifications. 
Briefly, 2 g of agar powder extracted from 
Gracilaria algae was dispersed in 100 mL of 
80% (v/v) isopropanol and stirred at room 
temperature (25 °C) for 30 min to ensure 
uniform swelling. Subsequently, 25 mL of 

sodium hydroxide solution (5 mol L⁻¹) was 
added gradually, and the mixture was 
continuously stirred for 1 h to achieve complete 
alkalization (Chakka & Zhou, 2020). 

After alkalization, 7.5 g of monochloroacetic 
acid was gradually added, and the reaction 
mixture was maintained under continuous 
stirring for 5 h at 55 °C to promote the 
carboxymethylation reaction. Upon 
completion, the reaction was terminated by 
adding 85% methanol, followed by 
neutralization with 1 mol L⁻ ¹ glacial acetic 
acid. The resulting product was filtered, washed 
thoroughly with 60% ethanol to remove 
residual salts and by-products, dried at 60 °C 
for 24 h, crushed, and sieved through an 80-
mesh sieve to obtain carboxymethyl agar (Im, 
Lee, Rajabi Abhari, Youn, & Lee, 2018). 

 
Preparation of Films 

Agar-based films were prepared by 
dissolving 2 g of carboxymethyl agar powder in 
50 mL of distilled water at 80 °C under 
continuous stirring until complete dissolution 
was achieved, following previously reported 
film-forming procedures for polysaccharide-
based materials (Tammina & Rhim, 2023; 
Abdollahi et al., 2019). Five formulations were 
prepared as follows: CMA, CMA-P, CMA-P-
A, CMA-β-A, and CMA-P-β-A. After the 
addition of the respective crosslinking agents, 
the film-forming solutions were homogenized 
using a digital Ultra-Turrax homogenizer at 65 

°C to ensure uniform dispersion and effective 
interaction among the components. The 
resulting homogeneous hydrogels were poured 
onto Petri dishes and dried in a hot air oven at 
50 °C for 24 h, as commonly reported for 
crosslinked biopolymer films (Dharmalingam 
& Anandalakshmi, 2019). 

 
Determination of Degree of Substitution (DS) 

The degree of substitution (DS) of 
carboxymethyl agar was determined using a 
neutralization titration method. Carboxymethyl 
agar (0.1 g) was dissolved in 25 mL of distilled 
water, followed by the addition of 25 mL of 
standard NaOH solution (0.1 mol L⁻ ¹). The 
mixture was stirred for 10–15 min and 
subsequently titrated with standard HCl 
solution (0.1 mol L⁻ ¹) using phenolphthalein 
as an indicator until the endpoint was reached. 
The titration was performed in triplicate, and 
the average volume of HCl consumed was used 
for calculations. 

The DS was calculated using Equations 1 and 2 

(Chakka & Zhou, 2020). 
 

𝐷𝑆 =
0.306𝑋

1−0.058𝑋
                                                (1) 

𝑋 =
𝑉0 𝑀0− 𝑉1 𝑀1

𝑊
                                             (2) 

Where, 0.306 is the molar mass of the 
disaccharide unit (g.mol-1), 0.058 is the molar 
mass of the introduced carboxymethyl group 
(g.mol-1), V0 is the volume of NaOH added 
(mL), M0 is the concentration of NaOH added 
(mol.L-1), V1 is the consumed volume of HCl 
(mL), M1 is the concentration of HCl (mol.L-1), 
and W is the sample weight (g).  

 
Fourier Transform Infrared (FTIR) Spectroscopy 

The FTIR spectra of unmodified agar and 
carboxymethylated agar were obtained using an 
FTIR spectrometer (EDX-GP, Shimadzu, 
Japan) equipped with KBr pellet accessories, 
following previously reported procedures for 
polysaccharide-based films (Siripatrawan & 
Harte, 2010; Lakshmi, Trivedi, & Reddy, 
2017). Spectra were obtained in the range of 

4000–400 cm⁻¹ at a resolution of 4 cm⁻¹ to 
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identify functional groups and confirm 
chemical modification. 

 

Contact Angle Measurement 

 The wetting test was carried out using a 
contact angle measuring (CAM) device. The 
images were captured using a color industrial 
camera (Model PG-X, Switzerland). Ultra-high 
purity water was used as the probe liquid to 
measure the contact angle at room temperature. 
Prior to measurement, all film samples (3 cm × 
7 cm) were fixed on a movable sample plate and 
leveled horizontally. A small droplet of pure 
water was gently deposited onto the surface of 
each film. For each film, surface 
hydrophobicity was determined from the initial 
contact angle values, calculated as the average 
of contact angles measured on both sides of the 
droplet almost immediately after deposition, to 
minimize spreading effects (Rbihi, 
Aboulouard, Laallam, & Jouaiti, 2020). 

 

X-ray Diffraction (XRD) Analysis 

 X-ray diffraction (XRD) patterns of the 
samples were analyzed to determine 
crystallinity and investigate the internal atomic 
arrangement using an X-ray diffractometer 
(Philips, Netherlands) equipped with Ni-
filtered Cu–Kα radiation, following the method 
described by Liu et al. (2020). The 
diffractometer was operated at 40 kV and 30 
mA, and diffraction data were collected over a 
2θ range of 5° to 60° at a scanning speed of 1° 
min⁻ ¹. 

 

Scanning Electron Microscopy (SEM)  

A scanning electron microscope (Evo25, 
Zeiss, Germany) was used to observe the 
surface and cross-sectional microstructures of 
the films. The microscope was operated at an 
accelerating voltage of 12 kV. Prior to analysis, 
film samples were coated with a thin layer of 
gold to enhance electrical conductivity. SEM 
images were recorded at magnifications of 
300× and 500× to evaluate film homogeneity 
and microstructural features (Michler & Lebek, 
2016). 

 
Differential Scanning Calorimetry (DSC) 

The glass transition temperature (Tg) of the 
films was determined using differential 
scanning calorimetry (Diamond DSC, 
PerkinElmer, USA). Film samples weighing 
approximately 10–15 mg were prepared using 
an analytical balance (± 0.002 mg) and sealed 
in aluminum hermetic pans, with an empty pan 
used as the reference. The samples were heated 
from 30 to 300 °C at a heating rate of 10 °C 
min⁻ ¹ under an argon atmosphere. The Tg was 
identified as the midpoint of the baseline shift 
associated with changes in heat capacity during 
the glass transition (Arancibia, Alemán, López-
Caballero, Gómez-Guillén, & Montero, 2015). 

 
Statistical Analysis  

Data were analyzed using analysis of 
variance (ANOVA) with SPSS software 
(version 23, IBM Corporation, Armonk, NY, 
USA). Differences among treatments were 
determined using Duncan’s multiple range test 
at a significance level of 5% (p < 0.05). All 
results were expressed as mean ± standard 
deviation (SD). 

 

Results and Discussion  

Degree of Substitution (DS) 

 The degree of substitution (DS) is a critical 
parameter that directly influences the 
physicochemical properties of 
carboxymethylated polysaccharides, including 
solubility, viscosity, thermal behavior, and 
film-forming ability. In the present study, the 
DS of carboxymethyl agar was determined to 
be 0.69, confirming the successful introduction 
of carboxymethyl groups into the agar 
backbone. This DS value falls within the 
optimal range reported for commercially 
functional carboxymethylated polysaccharides 
and is suitable for film-based applications 
(Rahman et al., 2021; Zhao et al., 2025). The 
introduction of carboxymethyl groups enhances 
water solubility by increasing electrostatic 
repulsion between polymer chains and reducing 
intermolecular hydrogen bonding. Previous 
studies have shown that carboxymethyl agar 
exhibits improved solubility at room 
temperature when the DS exceeds 
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approximately 0.55 (Cao, Liu, Luan, & Zhang, 
2014). The DS value obtained in this study is 
therefore expected to facilitate homogeneous 
film formation and improved compatibility 
with crosslinking agents. Comparable findings 
have been reported for carboxymethyl cellulose 
systems, where DS values in the range of 0.5–
0.8 have been associated with favorable 
mechanical strength and reduced crystallinity 
(Casaburi, Rojo, Cerrutti, Vázquez, & Foresti, 
2018). The DS value achieved in this work 
indicates a balanced modification level, 
sufficient to improve functional performance 
without compromising structural integrity. 

 
Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR spectroscopy was employed to support 
the successful chemical modification of agar 
and the formation of intermolecular interactions 
within the film matrix. Fig. 1 presents the FTIR 
spectra of unmodified agar and carboxymethyl 
agar (CMA). The spectrum of native agar 
exhibited a broad absorption band in the range 
of 3300–3700 cm⁻ ¹, corresponding to O–H 

stretching vibrations of hydroxyl groups, which 
is characteristic of polysaccharide structures 
(Mostafa, Ali, El-Wassefy, Saad, & Hussein, 
2024). Following carboxymethylation, a 
noticeable decrease in the intensity of the 
hydroxyl stretching band was observed, 
indicating partial substitution of hydroxyl 
groups by carboxymethyl functionalities. 
Additionally, new absorption bands appeared at 
approximately 1439 cm⁻ ¹ and 1372 cm⁻ ¹, 
which are attributed to the asymmetric and 
symmetric stretching vibrations of carboxylate 
(–COO⁻ ) groups and methylene (–CH2–) 
scissoring vibrations, respectively (Wang et al., 
2012). The presence of absorption bands in the 
region of 1500–1700 cm⁻ ¹ further confirms the 
successful introduction of carboxymethyl 
groups into the agar chains. These spectral 
changes are consistent with previous reports on 
carboxymethylated polysaccharides and verify 
the effectiveness of the chemical modification 
process (Rahman et al., 2021; Bandyopadhyay, 
Sáha, Sanétrník, Saha, & Sáha, 2021). 

 

 
Fig. 1. The FTIR spectra of raw agar and CMA 

 
FTIR Analysis of CMA-based Composite Films 

FTIR spectroscopy was employed to 
investigate the intermolecular interactions and 
crosslinking behavior within CMA-based 
composite films containing polyethylene glycol 
(PEG), citric acid (CA), and β-cyclodextrin (β-
CD). Fig. 2 presents the FTIR spectra of CMA 
film and its modified counterparts. The FTIR 
spectrum of pristine CMA film exhibited a 
broad absorption band in the range of 3200–

3500 cm⁻ ¹, which is attributed to the stretching 
vibrations of hydroxyl (–OH) groups associated 
with the polysaccharide backbone and absorbed 
moisture. Upon incorporation of PEG 
(CMA+P), a noticeable reduction in the 
intensity of this band was observed, indicating 
enhanced hydrogen bonding interactions 
between CMA and PEG chains. Similar 
behavior has been reported for PEG-plasticized 
polysaccharide systems and is commonly 
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associated with improved chain mobility and 
intermolecular compatibility (Zhang et al., 
2020). The addition of citric acid resulted in 
more pronounced spectral changes. In the 
CMA+P+A and CMA+B+A films, the 
appearance and intensification of absorption 
bands in the region of 1700–1730 cm⁻ ¹ were 
observed, corresponding to the C=O stretching 
vibrations of ester groups. This band is a key 
indicator of esterification reactions between the 
carboxyl groups of citric acid and the hydroxyl 
groups of CMA, PEG, and β-CD, confirming 
the formation of chemical crosslinks within the 
polymer network. Similar ester-related bands 
have been widely reported in citric-acid-
crosslinked polysaccharide films, including 
carboxymethyl cellulose and starch-based 
systems (Smith, 2022; Rahman et al., 2021). 
Additionally, the bands located at 
approximately 1400–1450 cm⁻ ¹ and 1320–
1380 cm⁻ ¹, attributed to asymmetric and 
symmetric stretching vibrations of carboxylate 
(–COO⁻ ) groups and CH2 bending vibrations, 
exhibited increased intensity and slight shifts in 
the modified films. These changes further 
support the involvement of carboxyl groups in 
crosslinking reactions and enhanced 

intermolecular interactions, consistent with 
previous reports on carboxymethylated 
polysaccharide matrices (Qi et al., 2022; Zhang 
et al., 2019). In the fingerprint region (1000–
1150 cm⁻ ¹), all composite films displayed 
intensified and broadened absorption bands 
corresponding to C–O and C–O–C stretching 
vibrations. The most significant changes were 
observed for the CMA+P-B+A film, indicating 
the formation of a more complex and 
interconnected network structure. The 
contribution of β-cyclodextrin to this region has 
been attributed to its cyclic oligosaccharide 
structure, which promotes additional hydrogen 
bonding and network stabilization, as reported 
in β-CD-based composite films (Velázquez-
Contreras et al., 2021). Overall, the progressive 
spectral evolution from CMA to CMA+P-B+A 
demonstrates a stepwise formation of hydrogen 
bonding interactions followed by ester 
crosslinking, resulting in a chemically 
integrated and stabilized film matrix. The 
observed FTIR features are in good agreement 
with previously reported citric-acid-crosslinked 
polysaccharide and cyclodextrin-containing 
film systems, confirming the successful design 
and optimization of the composite films. 

 

 
Fig. 2. The FTIR spectra of CMA-based composite films 

 
 
Water Contact Angle (CA) 

The surface wettability of the films was 
evaluated by water contact angle 
measurements, which provide insight into 

surface hydrophilicity and moisture resistance 
as two key parameters for food packaging 
materials. As shown in Fig. 3, the control CMA 
film exhibited a contact angle of approximately 
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67°, indicating a moderately hydrophilic 
surface. Among all formulations, only the 
CMA-P-β-A film exhibited a markedly higher 
contact angle in the range of 80–89°, 
demonstrating significantly enhanced surface 
hydrophobicity. This improvement can be 
attributed to the synergistic effect of 
polyethylene glycol, β-cyclodextrin, and citric 
acid, which promoted effective crosslinking 
and reduced the availability of hydrophilic 
functional groups on the film surface. Similar 

increases in contact angle have been reported 
for crosslinked polysaccharide films, where 
ester bond formation and network densification 
limit water–polymer interactions (Zhu et al., 
2022; Balçık Tamer, 2023). The enhanced 
hydrophobicity observed for the CMA-P-β-A 
formulation suggests improved resistance to 
moisture penetration, which is desirable for 
potentially extending the shelf life of packaged 
foods. 

 

 
Fig. 3. Water contact angle: 1- Control (CMA), 2- CMA-P, 3- CMA-P-A, 4- CMA-β-A, and 5- CMA-P-β-A 

 
X-ray Diffraction (XRD) Analysis 

X-ray diffraction (XRD) analysis was 
performed to investigate the crystalline 
structure and structural ordering of 
carboxymethyl agar (CMA) films and their 
crosslinked formulations. Fig. 4 shows the 
XRD patterns of CMA, CMA-P, CMA-P-A, 
CMA-β-A, and CMA-P-β-A films. The CMA 
film exhibited a characteristic diffraction peak 
at approximately 2θ = 20°, along with a weaker 
peak near 2θ = 12°, which are typical of semi-
crystalline agar-based materials (Casaburi et 
al., 2018). Upon incorporation of polyethylene 
glycol, citric acid, and β-cyclodextrin, a 
noticeable reduction in peak intensity and peak 
broadening were observed, indicating a 
decrease in crystallinity and an increase in the 
amorphous phase of the polymer matrix. This 

behavior can be attributed to the substitution of 
hydroxyl groups by carboxymethyl groups and 
the formation of crosslinked networks that 
interfere with regular polymer chain packing 
(Zhu et al., 2022). To ensure reliable 
interpretation of the diffraction patterns, 
background noise was minimized during data 
processing, and the overall trend of peak 
broadening rather than complete peak 
disappearance was considered. Similar 
reductions in crystallinity have been reported 
for crosslinked polysaccharide-based films, 
where esterification and hydrogen bonding 
interactions restrict molecular rearrangement 
and long-range order (Gieroba, Kalisz, Krysa, 
Khalavka, & Przekora, 2023; Wang, Xu, Qi, & 
Chen, 2024). 
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Fig. 4. XRD patterns of 1- Control (CMA), 2- CMA-P, 3- CMA-P-A, 4- CMA-β-A, and 5- CMA-P-β-A 

 
Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) was 
used to examine the surface and cross-sectional 
morphologies of carboxymethyl agar (CMA) 
films with different formulations (Fig. 5). SEM 
analysis provides valuable information about 
film homogeneity, internal structure, and the 
effectiveness of crosslinking, which directly 
affect the mechanical, barrier, and thermal 
properties of biopolymer films (Roy et al., 
2021; Mirpoor et al., 2025). The control CMA 
film exhibited a relatively rough and 
heterogeneous surface with visible micro-scale 
irregularities, which are commonly observed in 
unmodified or weakly modified 
polysaccharide-based films (Cazón, Velazquez, 
Ramírez, & Vázquez, 2017). These features can 
be attributed to limited intermolecular 
interactions and loosely packed polymer 
chains. In contrast, films containing 
polyethylene glycol, citric acid, and β-
cyclodextrin (CMA-P, CMA-P-A, CMA-β-A, 
and CMA-P-β-A) showed smoother and more 
uniform surfaces, indicating improved 
compatibility among the film components and 
stronger intermolecular interactions. The 
incorporation of citric acid likely promoted 
ester bond formation between polymer chains, 
while β-cyclodextrin contributed to additional 

hydrogen bonding, resulting in a more cohesive 
polymer network (Zou et al., 2021; Balçık 
Tamer, 2023). Cross-sectional SEM images 
further revealed clear structural differences 
among the formulations. The CMA film 
exhibited a porous and less compact internal 
structure, indicating a loosely packed polymer 
network. By comparison, the CMA-P-β-A film 
exhibited a dense, continuous, and 
homogeneous cross-section with significantly 
reduced porosity, confirming the formation of 
an interconnected and crosslinked polymer 
network. This compact structure restricts 
polymer chain mobility and enhances the 
overall structural integrity of the film 
(Rajawasam et al., 2024; Keya, Li, Xu, & Xia, 
2025). Similar morphological trends have been 
reported for citric acid-crosslinked and 
cyclodextrin-modified biopolymer films, where 
increased crosslink density leads to improved 
film uniformity and reduced void formation 
(Uyanga, Okpozo, Onyekwere, & Daoud, 2020; 
Escobar et al., 2023). The observed SEM 
characteristics are consistent with the enhanced 
hydrophobicity and thermal stability of the 
CMA-P-β-A formulation, highlighting the 
strong relationship between microstructural 
organization and functional performance. 
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Fig. 5. SEM images of the films 

 
Differential Scanning Calorimetry (DSC)  

Differential scanning calorimetry (DSC) 
was used to evaluate the thermal behavior of 
CMA and crosslinked films, with particular 
emphasis on the glass transition temperature 
(Tg), which is a key parameter reflecting 
polymer chain mobility and thermal stability 
(Arancibia et al., 2015; Jin & Torkelson, 2016). 
The DSC thermograms of the films are 
presented in Fig. 6. The control CMA film 
exhibited a Tg of 52.54 °C, which is 
characteristic of hydrophilic polysaccharide-
based films containing a high density of 
hydroxyl groups (Rahman et al., 2021). The 
relatively low Tg indicates greater molecular 
mobility and weaker intermolecular 
interactions within the polymer matrix, which 
may contribute to higher water sensitivity and 
lower thermal resistance. Upon incorporation 
of polyethylene glycol, citric acid, and β-
cyclodextrin, a progressive increase in Tg was 

observed. The Tg values increased to 58.19 °C 
for CMA-P, 65.00 °C for CMA-P-A, 68.00 °C 
for CMA-β-A, and reached a maximum of 
82.08 °C for the CMA-P-β-A formulation. This 
gradual increase in Tg reflects the increasing 
degree of crosslinking and intermolecular 
interactions within the polymer network 
(Uyanga et al., 2020; Startsev, Vapirov, 
Lebedev, & Kychkin, 2020). The significant 
increase in Tg for crosslinked films can be 
attributed to restricted polymer chain mobility 
resulting from ester bond formation induced by 
citric acid and enhanced hydrogen bonding 
interactions associated with β-cyclodextrin. 
These interactions reduce the free volume 
within the polymer matrix and limit segmental 
motion, thereby improving thermal stability 
(Chen et al., 2025). The absence of other 
thermal transitions, is related to no distinct 
melting or degradation peaks within the applied 
temperature range. This behavior is likely due 
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to the predominantly amorphous nature of 
carboxymethylated and crosslinked agar films, 

where Tg is the dominant thermal transition 
(Zhu et al., 2022).  

 

 
Fig. 6. DSC thermograms of the CMA and treated films 

 

The highest Tg observed for the CMA-P-β-
A formulation confirms the synergistic effect of 
polyethylene glycol, β-cyclodextrin, and citric 
acid on enhancing thermal stability, which is 
consistent with previous studies on citric acid-
crosslinked and cyclodextrin modified 
biopolymer films (Han, Sathiyaseelan, Lu, 
Kim, & Wang, 2024; Torche et al., 2025). 

Although the primary focus was on the glass 
transition temperature (Tg), other thermal 
transitions, such as melting and degradation 
points, were also considered. However, as 
mentioned earlier no distinct peaks for melting 
or degradation were clearly observed within the 
applied temperature range, likely due to the 
predominantly amorphous nature of the 
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carboxymethylated and crosslinked agar films. 
This behavior highlights the predominant role 
of Tg as the key thermal transition in the 
modified films. 

 

Conclusion 
This study demonstrated that chemical 

modification of agar through 
carboxymethylation, combined with a multi-
agent crosslinking strategy, is an effective 
approach to overcome the inherent limitations 
of native agar films for food packaging 
applications. Carboxymethyl agar with a degree 
of substitution (DS) of 0.69 was successfully 
synthesized, providing improved solubility and 
compatibility with crosslinking agents. The 
incorporation of polyethylene glycol, citric 
acid, and β-cyclodextrin significantly 
influenced the structural, surface, and thermal 
properties of the films. Among all formulations, 
the CMA-P-β-A film exhibited the most 
favorable performance. This formulation 
showed a markedly higher water contact angle 
in the range of 80–89°, compared to 
approximately 67° for the control CMA film, 
indicating enhanced surface hydrophobicity 
and improved resistance to moisture 
penetration. SEM analysis confirmed the 
formation of a dense, homogeneous, and 
interconnected polymer network for this 
formulation, while XRD results revealed a 
pronounced reduction in crystallinity, 
suggesting increased amorphous character and 
improved flexibility. Thermal analysis further 
supported these findings, as the glass transition 
temperature (Tg) increased from 52.54 °C for 
CMA to 82.08 °C for the CMA-P-β-A film, 
reflecting restricted polymer chain mobility due 
to effective crosslinking. These results are 
consistent with previous reports on citric acid-
crosslinked and cyclodextrin-modified 
biopolymer films, which have shown similar 
improvements in thermal stability and 
structural integrity (Balçık Tamer, 2023; 
Venkatesan, Vetcher, Al-Asbahi, & Kim, 
2024). Overall, the synergistic effect of 
carboxymethylation and multi-component 

crosslinking resulted in films with enhanced 
hydrophobicity, reduced crystallinity, and 
superior thermal stability. Based on the 
combined physicochemical, morphological, 
and thermal evaluations, the CMA-P-β-A 
formulation was identified as the most 
promising candidate for environmentally 
friendly food packaging applications. 

 
Scope of the Study and Limitations 

The mechanical properties of the prepared 
films, including tensile strength and elongation 
at break, as well as barrier properties such as 
water vapor permeability and oxygen 
permeability, have been reported and discussed 
in our previously published studies. Therefore, 
to avoid redundancy and overlap with earlier 
publications, these properties were not included 
in the present manuscript. Accordingly, the 
scope of this study was intentionally limited to 
the structural, surface, and thermal 
characterization of carboxymethyl agar-based 
films. In addition, the thermal analysis 
primarily focused on the glass transition 
temperature (Tg), as other thermal transitions 
were not clearly distinguishable due to the 
predominantly amorphous nature of the 
modified films. Further investigations on film 
food interactions and biodegradation behavior 
under different environmental conditions 
remain important for comprehensive evaluation 
of practical packaging applications. 
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بندی محصولات شده برای استفاده در بستههای بر پایه آگار کربوکسی متیلهتولید و بررسی خصوصیات فیلم
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 چکیده
یکلودکسترین و س-های کربوکسی متیل آگار با استفاده از عوامل اتصال عرضی شامل اسید سیتریک، بتاهای فیلممنظور تعیین ویژگیاین مطالعه به

های مورفولوژیکی، زاویه تماس و گلیکول انجام شد. پنج نوع فیلم با عوامل اتصال دهنده عرضی مختلف تهیه گردید. در این تحقیق، ویژگیاتیلن پلی
کربوکسی  نتایج زاویه تماس نشان داد که فیلم بهینه، متشکل از .بندی مواد غذایی مورد ارزیابی قرار گرفتندها برای استفاده در بستهخواص حرارتی فیلم

ها نشان داد. آگارز با موفقیت کربوکسی سیکلودکسترین، زاویه تماس بالاتری نسبت به سایر فیلم-اتیلن گلیکول، اسید سیتریک و بتامتیل آگار همراه با پلی
ای ها گردید. دمای گذار شیشهمپذیری و بهبود خواص سدکنندگی فیلکتیله شده و میزان کریستاله شدن آن کاهش یافته و این امر سبب افزایش انعطاف

یید گردید. این تحقیق نشان داد أت DSC دهنده افزایش سختی ساختاری و کاهش جذب آب است که با آنالیزگراد رسید که نشاندرجه سانتی 02/82به 
 .زیست داردا محیطبندی سازگار بعنوان جایگزین بستهای بهکه فیلم بر پایه آگار کربوکسی متیله شده پتانسیل قابل توجه

 
 اتصالات عرضی، جلبک، خصوصیات حرارتی  ،آگار کربوکسی متیله شده های کلیدی:واژه

 

                                                           
 گروه شیلات، دانشکده منابع طبیعی، دانشگاه گیلان، صومعه سرا، ایران -1

 (Email: e.zakipoor@guilan.ac.irنویسنده مسئول:  -)*

https://doi.org/10.22067/ifstrj.2026.95783.1488 

 نشریه پژوهشهای علوم و صنایع غذایی ایران 

 https://ifstrj.um.ac.ir 
 

mailto:e.zakipoor@guilan.ac.ir
https://doi.org/10.22067/ifstrj.2026.95783.1488
https://orcid.org/0000-0002-7810-4147
https://orcid.org/0000-0002-7229-8171
https://orcid.org/0000-0003-4411-5021
https://ifstrj.um.ac.ir/

