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Abstract /l
In this study, chitosan and soy protein acid hydrolysate biocomposite films
loaded with Marjoram essential oil were developed using the solvent-

casting method. The film-forming solutions were subjected to four different Article History

drying conditions such as sun, vacuum, room temperature, and hot air Received: 15 January 2026
oven drying. The effects of these drying conditions on the structural, Accepted: 16 June 2026
thermal, mechanical, and antioxidant properties were evaluated. The

SEM analysis revealed that the vacuum-dried and hot air oven-dried films Keywords

showed smooth, dense, and uniform morphology. The tensile strength Antioxidant;

ranged from 8.36 MPa to 15.73 MPa with the highest tensile strength Biopolymer;

observed for hot-air oven-dried films. The water contact angle ranged Drying;

Essential Qil;

from 42.97° to 44.99° that indicates that all the film samples remained F .
ood Packaging.

hydrophilic. The water vapor transmission rate ranged from 256.4 to
301.5 g/m?/day, while the water vapor permeability ranged from 4.58 x
10-* to 8.25 x 10-* g-mm/m?-h-kPa. The vacuum dried sample showed
the highest haze value of 82.74%, light transmittance value of 79.07%.,
and elongation at break (110.34%). The XRD analysis showed that all the
film samples showed broad diffraction peaks around 26 = 20-21°. This
shows their semi-crystalline nature with dominant amorphous regions.
The hot-air oven-dried film showed highest crystallinity of 41.6% while
the room temperature-dried film showed the lowest crystallinity of 24.6%.
All the samples demonstrated strong ABTS radical scavenging activity
from 50.70% to 56.30% and the DPPH radical scavenging activity ranged
from 27.25% to 30.78%. The room-temperature dried film showed the
highest ABTS activity whereas the vacuum-dried film showed the highest
DPPH activity. However, the DPPH values were not significantly different
among the samples. These findings highlight drying condition as a crucial
processing parameter in developing sustainable food packaging materials.
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Introduction

Plastic-based packaging waste has become a
significant concern that led to degradation into micro
or nano-sized particles. These microplastics can
quickly enter the soil and plants.” These particles can
adversely affect both terrestrial and aquatic animals
through ingestion, entanglement, and subsequent
impairment of growth, reproduction, and survival.?
In contrast, biopolymer offer a more environmentally
sustainable alternative because they are generally
biocompatible and biodegradable that allows them
to decompose more readily in the environment.
Thus reducing their long-term ecological impact.®
Nowadays, food safety and environmental protection
are becoming important topics. The bio-based food
packaging films are gaining popularity because of
their safety and biodegradability.*®

Casting process is a cost-effective lab scale process
commonly utilized to cast the film forming solutions
to develop films for packaging applications.” This
lab scale process is a crucial process in a way as
to conveniently study the behavior (i.e. physical
and chemical properties) of the films. This lab
scale process has several merits over the bulky
and costly machines such as electrospinning,
three-dimensional printing and extrusion. Drying
after casting is a crucial parameter that can
significantly impact the physical and chemical
properties of biopolymer-based films.® Drying
of film forming solution is performed to remove
solvent (like water or organic solvents) to form a
solid homogenous film however variation in rate of
drying or inappropriate drying condition can lead to
the formation of precipitates or insoluble aggregates
or any heterogeneous structure or any structural
deformities.® Exaggerated drying conditions such
as high temperature drying, prolonged drying,
non-uniform drying, uneven drying rate can impact
the distribution of polymers.™ This can also cause
aggregation, flocculation, phase separation, crack
formation. Studying the effect of drying process
after casting the film forming solution is imperative
especially when it contain volatile components as in
case of essential oil loaded packaging as aggressive
drying can alter not only oil composition, but it can
also cause the degradation of the components.

Composite biopolymer based active films are
gaining more attention as incorporation of copolymer
can drastically improve the functional properties
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of films fabricated with one polymer. Previous
studies have shown that chitosan may interact with
proteins to form films with improved properties."
Chitosan- soy protein isolate composite has been
recently studied as polymers that interact via
electrostatic interactions. This is mainly due to
charge differences, chitosan (positively charged)?
and soy protein (negatively charged)'® forms stable
complex. Recent study also showed that chitosan
(CS) addition reduced soy protein isolate (SPI)
solubility and change the tertiary structure of SPI
and enhance its relative crystallinity.' However,
this type of composite packaging lacks antioxidant
and antimicrobial properties that are imperative in
food packaging industry to extend the shelf life of
any food product. EOs have been widely used in
active packaging as they are alternative to harmful
synthetic preservatives and possess antimicrobial as
well as antioxidant properties.' Origanum majorana
plantis native to Africa, Egypt, Spain, and naturalized
in Southern Europe.'® Origanummajorana essential
oil (MEO), commonly known as marjoram essential
oil used as flavoring agent or adjuvant. According
to the 21 CFR Part 182 (Subchapter B), this oil is
generally considered as safe (GRAS) for its intended
use under the Section 409 of the Act."'® This herb
exhibits a wide range of antioxidant, antibacterial,
antifungal, nephroprotective, anti-proliferative,
anti-cancer activities.'® These properties are
primarily attributed to its rich composition bioactive
compounds such as thymol, carvacrol, tannins,
hydroquinone, B-sitosterol, cis-sabinene hydrate,
limonene, terpinene, camphene, and flavonoids like
diosmetin, quercetin, luteolin, and apigenin.2®

The components of EO also serve as crosslinking
against which can also improve compatibility
between CS and SPI, that could further help
in developing stable and uniform films for food
packaging application.?’ However, EOs contain
volatile components that are susceptible to drying
process, thus selection of drying condition plays a
crucial role in preventing the unnecessary changes
in the essential oil chemical composition.

Several studies reported that the drying rate and
temperature significantly alter polymer chains
arrangement, crystallinity, and retention of bioactive
components. Thus, these factors influence the
functional properties such as tensile strength,
antioxidant, and transparency of the developed
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biopolymer films. However, the primary goal of
these studies has mainly focused on single drying
methods. Moreover, the systematic comparative
evaluation across various drying environments is
limited.?223 Therefore, the objective of this study
was to compare the influence of four different drying
protocols such as sun drying, vacuum drying, room-
temperature drying, and hot-air oven drying on the
physicochemical properties of the chitosan/soy
protein acid hydrolysate films loaded with marjoram
essential oil. This study focuses on drying-based
changes within a fixed formulation on the structural,
thermal, optical, mechanical, and antioxidant
properties of developed bioactive films.

Materials and Methods

Materials

Chitosan was obtained from Sisco Research
Laboratories Pvt. Ltd., based in Andheri, India.
Marjoram oil was sourced from Nature Natural
India, located in Uttar Pradesh, India. Soy Protein
acid hydrolysate powder was bought from Sigma
Aldrich, United States. Glycerol was acquired from
BDH Laboratory Supplies, located in Dorset, UK.
Tween 80 (Polysorbate 80) extra pure was sourced
from Sisco Research Laboratories Pvt. Ltd., based
in Andheri, India.

Films Fabrication

The films were developed using the solvent-
casting method. Chitosan solution was prepared by
dissolving 2 g of chitosan in 100 mL of 1% acetic acid
solution to obtain a 2% w/v chitosan solution. The soy
protein acid hydrolysate solution was prepared by
dissolving 1 g of soy protein acid hydrolysate in 100
mL of distilled water to obtain a 1% w/v solution. Both
solutions were stirred separately at 45°C and 300
rpm for 2 h. The chitosan and soy protein solutions
were then mixed to obtain a composite film-forming
solution. Glycerol was added as a plasticizer at
0.3% (v/w based on the total polymer content in the
solution). Both marjoram essential oil and Tween
80 were added at 0.4% v/v. Tween 80 was used to
facilitate the dispersion of oil in the polymer matrix.
The film-forming solution was mixed at 45°C and
300 rpm until a visually homogenous emulsion was
obtained. The solution was divided into four equal
portions for drying treatments. For each treatment,
20 mL of film-forming solution was cast into 90 x
15 mm petri dishes. Film samples were prepared
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using five independent batches per treatment, and
characterization was performed independently of the
prepared films. Five independent film batches were
prepared for each drying treatment (five film samples
per treatment). Each independently casted film
sample was treated as one experimental replicate.

For sun drying treatment, the cast solutions were
placed outdoors in a clean and dust-protected
area under sunlight. The plates were covered
with a breathable protective cover to minimize
contamination that allowed the evaporation of
moisture. The drying period was 24 h and drying
continued until constant film weight was achieved.
During drying, the environmental conditions varied.
The sun-dried films were labelled as CP1.

For vacuum drying, VACUCELL vacuum dryer
Model: VUS-B2V-M/VU55 from Germany was used.
A 20 mL of solution was poured in the petri plates
and labelled as CP2. The film forming solution was
kept at 35£1°C under the reduced pressure of 0
bar. The airflow inside the chamber was static. The
drying time was 18 hours until constant weight of
the films was achieved.

For room-temperature drying, 20 mL of solution
was poured in the petri plates and labelled as CP3.
The film forming was kept in a controlled laboratory
environment at 25+2°C under the static air conditions
without forced airflow. The samples were placed on a
plain horizontal vibration-free surface inside a closed
laboratory room to minimize the environmental
variability. The drying time was 48 hours until
constant weight of the films was achieved.

For hot-air oven drying, Biobase Bioland Co., Ltd
Constant-Temperature Drying Oven Model: BOV-
T105F from China was used. A 20 mL of solution
was poured in the petri plates and labelled as CP4.
The film forming was kept in a hot-air drying oven at
35%1°C under forced airflow. The drying time was 12
hours until constant weight of the films was achieved.

Gas Chromatograph Mass Spectrometry

The GC-MS analysis of marjoram oil was conducted
using a Shimadzu GC-MS-QP-2010 Plus mass
spectrometer. For this analysis we followed
procedure reported in our previous study. The flow
rate of carrier gas (Helium) was 1.0 mL per minute.
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The temperature of the ion sources was maintained
at 220°C and the temperature of the injector was
kept steady at 260°C. The chemical components
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of marjoram oil were analyzed by observing their
retention times and peak area in the chromatogram.

Table 1: Composition of bio-composite films with different drying methods

Sample Code Chitosan Soy Protein Glycerol Marjoram Tween
(wiv) Acid Hydrolysate (w/v) Oil (viv) 80 (viv)
(wiv)
CP1 (Sun-drying) 2% 1% 0.3% 0.4% 0.4%
CP2 (Vacuum-drying) 2% 1% 0.3% 0.4% 0.4%
CP3 (Room temperature-drying) 2% 1% 0.3% 0.4% 0.4%
CP4 (Hot air oven-drying) 2% 1% 0.3% 0.4% 0.4%

Thickness

Digital micrometer (Dequmont digital vernier caliper
(ROHS NORM 2011/65/EU)) was used to measure
the thicknesses of the film at different areas. The
thickness of film was measured at five different
positions on each film sample and the average of
these five readings was used as the thickness value.

Mechanical Attributes

The tensile strength (TS) and the percentage
elongation to break (EAB) of the films were
determined using texture analyzer (TA.XT plus
C from Stable Micro Systems, TA Instruments,
Godalming, UK) as per ASTM D882. Before testing,
the films were conditioned at relative humidity
(RH) of 50+5%, temperature of 23+2°C for 24 h.
The film samples were cut into 7 by 60 mm strips.
To determine the mechanical strength of the films
jaws of TAXT plus C was set with a separation of
40 mm and an operating speed of 8.30 mm/s. The
mechanical properties were measured by using
three film samples from each drying treatment
and the results were measured obtained using
the software Exponent Connect by Stable Micro
Systems.

Color Parameters of the Films

CIELAB color parameters of the films, including
a*: redness, b*: yellowness, and L*: lightness was
evaluated by using a portable digital chromameter
(CR-410, Konica Minolta, INC, Japan) against a
standard white background. The readings were
obtained in a triplicate manner by taking the
measurements at 3 different sites per film sample

[29]. For each drying treatment, three film samples
were analyzed. For each sample, color readings
were taken in triplicate at three different sites and the
average value was obtained from the mean values
of L*, a*, and b* of each sample. The overall color
difference (AE) was determined as per the equation
reported in our previous study.

Haze Value and Light Transmittance

The light transmittance and haziness of the
fabricated films were measured using a Haze meter
(YH1200) from Guangdong Sanenshi Technology
Co., Ltd, China. For each drying treatment, three
film samples were analyzed and each sample was
measured in triplicate. The average values were then
presented as percentage (%).

Morphological Properties

To check the morphology of the fabricated CP
biocomposite films a scanning electron microscope
(JSM6510LA from Jeol, Japan) was used. The
SEM operated at 20kV accelerating voltage at x200
magnification to generate the micrographs. During
the preparation of film samples for imaging the
samples were attached to the aluminium stubs with
double-sided adhesive tape. Before image process
of the prepared samples a thin layer of gold was
applied through sputter-coating. The surface visibility
and image clarity were improved by gold coating.

X-ray Diffraction

An advanced Bruker D8 Discover instrument was used
to conduct the crystallinity and amorphous nature of
fabricated biocomposite films. The instrument was
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set to operate at 40kV. A comprehensive scan of
the samples was taken from a 2-theta (20) range
from 5°-55°. A scan rate of 0.500 seconds per data
point was used to acquire data with high precision.
Copper radiation with a wavelength of 1.5418 A was
used to obtain a detailed and accurate diffraction
pattern for analysis. The Bragg’s law was used to
measure the Interplanar spacing (d) by using the
following equation:

_ na (1)
2sinB

Where n represents the order of diffraction (usually
n=1), A represents X-ray wavelength (here, Cu Ka
= 1.5406 A\), d represents interplanar spacing, and
0 represents diffraction angle (half of the measured
20). The percentage of crystallinity was determined
directly by using DIFFRAC.SUITE Software.

FTIR Spectrometry

To investigate the chemical interactions between
chitosan, glycerol, marjoram oil, tween 80 and soy
protein FTIR spectroscopy was used. An InfraRed
Bruker Tensor 37 spectrometer from Ettlingen,
Germany, was used for functional group analysis.
The spectra were recorded with an extensive
spectral interval ranging from 400 cm™ to 4000
cm™. The scans were processed using Origin Pro
software (1.5 2024).

Thermal Gravimetric Analysis (TGA)

The thermal stability of chitosan and soy protein
loaded with plant extract was investigated by
Thermogravimetric analysis (TGA) and Derivative
Thermogravimetry (DTG). This thermal analysis was
carried out using a TA- SDTQ600 thermal analyzer
(New Castle, DE, USA). A total of 5.0 £ 0.1 mg of
film sample was heated from 10°C to 600°C at 10°C
min~" under nitrogen atmosphere (100 mL min™).

Water Contact Angle (WCA)

The surface hydropobic properties of developed
films were determined by using OCA11 Contact
Angle analyzer (DataPhysics Instruments GmbH,
Filderstadt, Germany) was used. For hydrophobic
and hydrophilic, a syringe filled with distilled water
was used. A 2 x 2 cm film strip was cut and placed
on the platform. Then a droplet of water can drop
over the surface of the film. A 1044 x 1080 resolution
camera was used to capture the image of a water
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droplet placed on the surface of the films. For each
drying treatment, three film samples were analyzed
and each sample was measured in triplicate by using
dpiMAX software.

Water Vapor Transmission Rate (WVTR) and
Water Vapor Permeability (WVP)

The water vapor transmission rate (WVTR) and
water vapor permeability (WVP) of film samples
were determined by using ASTM standard ASTM
E96/E96M. For this analysis, the Payne permeability
cups form Elcometers (model elcometers 5100) were
used. These cups were filled with silica gel. Then, the
film samples were firmly enveloped around the cups.
The samples were placed in a climate incubator
(model BJPX-A400) from BIOBASE Group, Jinan,
Shandong, China. with relative humidity (RH =
75%) at 25°C. The samples were weighted before
and after 24 hours to observe the change in weight.
The WVTR was calculated by using a specific
mathematical formula.

w (2)

WVTR = axD)

w = weight of water vapor transmitted (g); A = area
of film exposed (m2); t = time of transmission (day
or hour depending upon units).

The WVP was calculated from the weight changes
that were recorded by taking into consideration a
specific formula:

A
m_q (3)
AtXAPxA

Wvp =
Where Am/At is the moisture absorption rate of the
equation, it is calculated as the gain mass moisture
uptake in a specified duration of time (g/d). Adenotes
the film cross-sectional area (m?), while AP denotes
the pressure difference in water vapor on either side
of the film (kPa). d stands for the thickness of the
film (mm).

Radical Scavenging Activity

The current study followed the procedure of the
ABTS cation scavenging assay described by Re
et al.?* The ABTS radical neutralizing potential of
the extract-loaded film samples was evaluated by
measuring absorbance shifts at 734 nm after a six-
minute integration period. This involved using 10 mg
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of the film sample and 1.9 mL of a 7 mmol/L ABTS
radical mixture. The antioxidant analysis results
were quantified as the percentage reduction of the
ABTS cation radical.

The antioxidant potential was also assessed by
using the DPPH assay. 50 mg of the samples were
combined with 1.95 mL of methanolic DPPH solution
(Sigma-Aldrich, USA) according to the procedure
described by Brand-Williams et al.? After vortexing
for 30 seconds, the mixture was allowed to incubate
at room temperature in complete darkness for half
an hour. The antioxidant activity was then calculated
using a spectrophotometer to detect the absorbance
at 517 nm.

The values were expressed in percentage (%) and
was evaluated by using the formula:

Ac—at (4)

Inhibtion (%) = x 100

where A_is the absorbance of the ABTS solution
and A is the absorbance of the reduced free radical
solution.

Statistical Analysis

The statistical analysis was performed by using
One-way ANOVA to evaluate the differences among
different drying treatments. Fisher's post-hoc test
was used at a significance level of p < 0.05. For
most characterization analysis, each sample was
measured in triplicate. The data were presented as
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mean + standard deviation, and statistical significance
was determined at the 95% confidence level.

Results

Gas Chromatograph Mass Spectrometry

Figure 1 illustrates the GC-MS analysis of marjoram
oil. A total of 36 compounds were detected and a
complex mixture of monoterpenes, oxygenated
monoterpenes, and sesquiterpenes were identified
in the composition.3-Cyclohexen-1-ol, 4-methyl-
1-(1-methylethyl)- (R)- (systematically known as
(R)-(-)-Terpinen-4-ol and commonly known as
4-Terpineol) was the most abundant compound
accounting 26.51% of total composition with the
molecular weight of 154 g/mol. Caryophyllene
a bicyclic sesquiterpenes accumulating 11.61%
with the molecular weight of 204 g/mol of the
total composition. y-Terpinene was identified with
the molecular weight of 136 g/mol accumulated
10.14% of the total composition. Linalool was
detected with the molecular weight of 154 g/mol
and accommodating 8.90% of total composition of
marjoram oil. A bicyclic monoterpene commonly
known as Sabinene with the IUPAC name of
Bicyclo[3.1.0]hexane, 4-methylene-1-(1-methylethyl)
was detected accumulating 8.71% (molecular
weight of 136 g/mol). o-Cymene, is an isomer of
cymenes, with the molecular weight of 134 g/mol
accommodating 8.44%, as shown in Table 2. Several
other volatile compounds such as Linalyl acetate
(6.35%), Diethyl phthalate (4.90%), and D-Limonene
(3.91%) were also detected.

Table 2: GC-MS analysis of bioactive components from Marjoram Oil

Compound Area (%) Retention Molecular
time (mins) weight (g/mol)
3-Cyclohexen-1-ol, 4-methyl-1-(1-methylethyl)-, (R) 26.51% 13.04 154
Caryophyllene 11.61% 22.32 204
y-Terpinene 10.14% 8.01 136
Linalool 8.90% 9.77 154
Bicyclo[3.1.0]hexane, 4-methylene-1-(1-methylethyl) 8.71% 5.15 136
0-Cymene 8.44% 6.78 134
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Fig. 1: GC-MS spectra of bioactive components from Marjoram oil

Visual Characteristics

Figure 2 shows the visual characteristics of
fabricateed biocomposite films. All the film samples
demonstrated transparent, visible, and flexible
structure. The samples were easy to peel and slight
sticky in nature. The CP1 sample demonstrated

smooth and homogenous surface. The CP3 and
CP4 samples demonstrated moderate smoothness.
The CP2 sample was also smooth and homogenous
however, wrinkles were observed on the surface of
CP2 sample.

Fig. 2: Visual Characteristics of CP biocomposite films
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Thickness

Table 3 demonstrates the thickness of chitosan and
soy protein biocomposite films loaded with marjoram
oil measured at 5 different portions. The CP1 film
sample (sun dried) demonstrated the highest
thickness of 0.08+0.0052 mm among all the samples.
The CP2 (vacuum dried) and CP3 (room temperature
dried) film samples showed intermediate thickness of
0.07+0.01> mm and 0.07+0.005%° mm. However, the
CP4 film sample (hot air oven dried) showed lowest
thickness of 0.05£0.005° mm.

Mechanical Attributes
Table 3 demonstrates the tensile strength (TS)
and elongation at break (EAB) of chitosan and soy

760

protein biocomposite films loaded with marjoram oil.
The CP4 sample exhibited the highest TS of 15.73
MPa, whereas the lowest the TS of 8.36 MPa was
observed for CP1. Both CP2 and CP3 samples
showed intermediate TS values of 10.45 MPa and
11.96 MPa, respectively. The CP2 film sample
demonstrated highest EAB value of 110.34% among
all the samples. The lowest EAB value was 87.23%
observed in CP1 film sample. The CP3 and CP4
demonstrated 109.20% and 108.57% EAB value.
However, a non-significant change in the EAB values
of CP2 — CP4 samples were observed.

Table 3: Thickness, Tensile strength, and Elongation at break of CP biocomposite films

Sample Code Thickness (mm) Tensile Strength (MPa) Elongation at Break (%)
CP1 0.08+0.005° 8.36+1.45¢ 87.23+2.47°

CP2 0.07+0.01° 10.45+1.63 110.34+6.502

CP3 0.07+0.005% 11.96+1.11° 109.20+2.292

CP4 0.05+0.005¢ 15.73+£1.272 108.57+2.522

*Values inside a column denoted by different letters (a, b, and c) signify significant differences (p < 0.05).

Color Parameters of the Films

Table 4 shows the color parameters of the fabricated
films. The L* value ranged from 38.32 to 39.84.
Among all the samples the highest L* value was
demonstrated by CP2 sample. The a* value varies
significantly among samples from 0.14 to 1.01. The

b* value represent yellow-blue color. A significant
difference among the yellow-blue color from 7.74
to 10.79 was observed. The overall change in color
(AE) ranged between 13.02 and 14.67 was observed.
The CP3 showed the lowest AE value of 13.02 and
CP1 demonstrated the highest AE value of 14.67.

Table 4: Color analysis of CP biocomposite films

Sample Code L* a* b* AE

CP1 38.32+0.92° 1.01+0.08° 10.79+0.132 14.67+0.462
CP2 39.84+0.68° 0.45+0.05° 8.17+0.20° 13.84+0.51°
CP3 38.58+0.55° 0.38+0.04° 8.79+0.01° 13.02+0.01¢
CP4 39.13+0.01% 0.14+0.01¢ 7.74+0.014 13.33+0.39

*Values inside a column denoted by different letters (a, b, and c) signify significant differences (p < 0.05).

Haze Value and Light Transmittance
Table 5 shows the haze value and light transmittance
of biocomposite films. The haze value varied

significantly from 68.42% to 82.74% among all
the fabricated samples. The CP1 and CP4 sample
exhibited the lowest haze value (68.42% and
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68.61%) among all the samples. The CP2 showed
the highest haze value of 82.74% and CP3 sample
showed moderate value of haze 78.89% among all
the samples. The light transmittance of the CP film
samples significantly ranged from 72.68% to 79.07%.

The lowest light transmittance was observed in CP1
film. The CP3 and CP4 film samples exhibited
moderate light transmittance values (77.95% and
78.56%). The highest light transmittance value
(79.07%) was demonstrated by CP2 film samples.

Table 5: Haze and Light transmittance of CP biocomposite films

Sample Code Haze Value (%) Light Transmittance (%)
CP1 68.42+0.52¢ 72.68+0.56°

CP2 82.74+1.872 79.07+0.762

CP3 78.89+0.55° 77.95+0.13°

CP4 68.61+0.10° 78.56+0.162°

*Values inside a column denoted by different letters (a, b, and c) signify significant differences (p < 0.05).

Morphological Properties

Figure 3 illustrates the morphological properties of
CP biocomposite films. The surface area of CP1
sample showed a relatively smooth morphology
with some micro-particles. Additionally, some small,
aggregated structures were also observed that
might be due to the presence of insoluble protein
fractions. The CP4 sample also demonstrated some
particles and aggregated particles on the surface
area like CP1. The cross-sectional area of CP1 film

o

l Surface Area

sample shows homogeneous structure. However,
the formation of two distinct layer is observed in the
cross-sectional area of CP1 film sample. The surface
area of CP2 film sample revealed a homogenous
and smooth surface among all the samples. The
cross-sectional area of CP2 film sample reveals the
formation of a dense and compact structure. The
CP3 shows an irregular surface. The cross-sectional
area of CP4 film samples appeared to be smooth
and homogeneous.

Cross-Sectional |
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Fig. 3: Morphological properties of CP biocomposite films

X-ray Diffraction (XRD)

Figure 4 shows the XRD patterns of the developed
films. All the samples showed a broad diffraction
peak around 26 = 20-21°. This indicates a semi-
crystalline nature of the film matrix with dominant
amorphous regions. The chitosan-based film
shows a crystalline/semi-crystalline nature at 26 =
19.8-20° 26 while soy protein shows a characteristic
diffraction contribution around 26 = 19.8° %" related
to its B-sheet secondary structure. The CP1 sample
showed a peak at 20.14° with a d-spacing of 4.405
A, CP2 showed a peak at 20.02° with a d-spacing of

4.432 A, CP3 sample showed a peak at 20.30° with
a d-spacing of 4.371 A, and CP4 showed a peak at
20.75° with a d-spacing of 4.277 A. The CP4 sample
showed the highest crystallinity value of 41.6% and
the smallest d-spacing of 4.277 A. This indicates
comparatively closer molecular packing. The CP3
samples showed the lowest crystallinity of 24.6%.
This indicates the highest amorphous fraction among
all the samples. The CP2 sample showed the largest
d-spacing of 4.432 A. This shows the relatively
expanded inter-chain spacing.
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Fig. 4: X-ray diffraction of CP biocomposite films

FTIR Spectrometry

Figure 5 shows the FTIR-based functional group
analysis of developed films. All the developed films
showed the main characteristic absorption bands of
chitosan-soy protein-glycerol and oil-based matrix. A
broad absorption band was observed around 3373
cm™ in all the samples. This could be due to the
overlapping stretching vibrations of O-H and N-H
groups from chitosan, soy protein, and glycerol.?!
The bands at 2922 cm' and 2870 cm were detected
in the spectra. These bands were assigned to the
asymmetric and symmetric stretching vibrations of

aliphatic C-H groups, respectively.?2 These bands
are mainly associated with the polysaccharide
backbone and lipid/terpenoid components of the
incorporated oil. A band observed at 1546 cm-"
corresponds to the amide Il region which mainly arises
from N-H bending and C-N stretching vibrations of
chitosan amino groups®®3' and soy protein peptide
bonds.*? Furthermore, the band at 1406 cm™ might
be related to C-H bending and/or C-N stretching
vibration. However, the characteristic band at 1031
cm™ was assigned to C-O-C and C-O stretching
vibrations of polysaccharide structure of chitosan.*°

1406 1546
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Transmittance (%)
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2870 932 3373

CP3
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T
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Fig. 5: Functional Groups interactions of CP biocomposite films using FTIR spectrophotometry
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Thermal Gravimetric Analysis (TGA) and
Derivative Thermogravimetry (DTG)

Figure 6 shows the TGA thermograms of
the developed films and Figure 7 shows the
corresponding DTG curves. The TGA curves
exhibited three main thermal degradation stages
which were further confirmed by the DTG peak
pattern. The first weight loss stage occurred below
150°C and was mainly associated with moisture
evaporation. The weight loss in this region followed
the order CP4 (8.95%) = CP1 (8.91%) > CP2 (8.23%)
> CP3 (7.72%). The apparent onset temperature
of the main polymer degradation was observed at
approximately 150°C for all the films. This indicates
that the drying method did not significantly shift
the beginning of polymer degradation. The second
major degradation occurred between 150°C and
440°C with weight loss values of 59.77% for CP1,
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61.79% for CP2, 59.91% for CP3, and 62.79% for
CP4, respectively. This stage corresponded to the
main DTG degradation region around 170-280°C
and 390-500°C. This indicates the maximum
degradation rate of glycerol-associated components
and the chitosan-soy protein polymeric matrix. The
third stage occurred between 440°C and 550°C and
corresponded to the decomposition of carbonaceous
residues. At the end of this stage, the CP2 sample
showed the highest residual mass (13.15%) followed
by CP4 (5.01%), CP3 (3.85%), and CP1 (3.28%).
This suggests higher char-forming tendency or
slower terminal degradation in the vacuum-dried film.
The sharper DTG peaks of CP3 and CP4 samples
indicated faster and more defined degradation
events, whereas the broader DTG peaks of CP1
suggested more gradual decomposition.
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Fig. 6: Thermal analysis of CP biocomposite films
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Fig. 7: Derivative Thermogravimetry (DTG) of CP biocomposite films

Water Contact Angle (WCA)

Figure 8 and Table 6 shows the WCA values of
the developed films. The WCA values ranged from
42.97° to 44.99°. The CP1 sample showed the
lowest WCA value of 42.97°, followed by CP2 at
43.59° and CP3 at 44.33°. The highest WCA value
was observed for CP4 sample with 44.99°. All the

a
C

WCA values of the developed films are below 90°.
This indicates the hydrophilic nature of the films.
However, the gradual increase in WCA from CP1
to CP4 sample suggest a reduction in surface
hydrophobicity. A higher WCA indicates greater
surface hydrophobicity and lower surface affinity
towards water.®

b
d

Fig. 8: Water contact angle (WCA) of CP biocomposite films where a represents CP1 sample, b
represents CP2 sample, c represents CP3 sample, and d represents CP4 sample.
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Water Vapor Transmission Rate (WVTR) and
Water Vapor Permeability (WVP)

Table 6 shows the WVTR and WVP of the developed
films. The WVTR ranged from 256.4 to 301.5 g/m?/
day. The CP1 sample showed the highest WVTR
value of 301.5 g/m?/day followed by CP2 at 266.8
g/m?/day and CP3 at 263.3 g/m?/day. The lowest
WVTR values was observed for CP4 sample with
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256.4 g/m?/day. However, this difference in WVTR
was non-significant. A similar trend was observed
for WVP where CP1 sample showed the highest
WVP value of 8.25 x 10-* g'-mm/m?*-h-kPa, whereas
CP4 showed the lowest WVP value of 4.58 x 10-*
g-mm/m2-h-kPa. The CP3 and CP2 sample showed
intermediate WVP values of 6.34 x 10-* and 5.56 x
10-* g'mm/m?-h-kPa, respectively.

Table 6: Water contact angle (WCA), Water Vapor Transmission Rate (WVTR),
and Water Vapor Permeability (WVP) of CP biocomposite films

Sample Code = Water Contact Angle (°) WVTR (g/m?day) WVP (g*mm)/(m?**h*kPa)
CP1 42.97+0.64° 301.5+18.0° 8.25%x10-4+0.90°

CP2 43.59+0.53%° 266.8+39.42 5.56x10-410.72°

CP3 44.33+0.14% 263.3+31.82 6.34x10-4+0.53°

CP4 44.99+0.612 256.4+26.22 4.58%10-4+0.64°

*Values inside a column denoted by different letters (a, b, and c) signify significant differences (p < 0.05).

Radical Scavenging Activity

Figure 9 shows the ABTS radical scavenging activity
of the developed films ranged from 50.70% to
56.30%. The CP3 sample showed the highest ABTS
radical scavenging activity of 56.30% among all the
formulations followed by CP2 sample (55.37%). Both

CP2 and CP3 samples were significantly similar.
However, the CP1 and CP4 samples showed lower
ABTS radical scavenging activity of 50.70% and
51.17%, respectively. Both CP1 and CP4 samples
were significantly similar to each other but lower that
CP2 and CP3 samples.

ABTS Radical Scavenging Activity

a
56
54
b
52
50
48
48
CP1 cP2

a
I b
CP3 CP4

Fig. 9: ABTS Radical Scavenging Activity of CP biocomposite films
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Figure 10 shows the DPPH radical scavenging
activity of the developed films ranged from 27.25%
to 30.78%. The CP2 sample showed the highest
DPPH activity of 30.78%, followed by CP3 sample
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(29.61%), CP4 sample (28.24%), and CP1 sample
(27.25%). However, there was not significant
difference observed among all the samples.

DPPH Radical Scavenging Activity
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Fig. 10: DPPH Radical Scavenging Activity of CP biocomposite films

Discussion

4-Terpineol is widely used due to its various
applications. It possess antimicrobial, antiviral
antioxidant, anti-inflammatory, anti-hypertensive, and
anti-cancer properties. Caryophyllene has reported
for several biological activities such as antibacterial,
antioxidant, anxiolytic, anti-inflammatory, and
gastroprotective.® y-Terpinene is well recognized
for its potential antioxidant properties.* Linalool has
anti-inflammatory, anticancer, anti-hyperlipidemic,
antimicrobial, analgesic, anxiolytic, antidepressive
and neuroprotective properties.®” Sabinene is
commonly used in perfume and flavor industries
because of its potential odor and anti-inflammatory
activities.® Elkousy, R.H. et al. (2022) reported that
the GC-MS analysis of marjoram oil is composed of
trans-sabinene hydrate, terpinen-4-ol, linalyl acetate,
and caryophyllene oxide.*

The high thickness of CP1 sample might be
attributed to the retention of more moisture due
to surrounding humidity in atmosphere. The low
thickness of the CP4 sample might be due to higher

water evaporation that compacts the structure which
resulted in thinner films. The variation in thickness
of the film sample might be attributed to the rate of
water loss and shrinking of the samples during the
drying process.

The lower TS and EAB of the CP1 sample
might be associated with uncontrolled sun-drying
conditions, where the changes in temperature,
humidity, and evaporation rate could produce less
uniform polymer-chain arrangement and weaker
matrix cohesion. In contrast, vacuum drying, room-
temperature drying, and hot-air oven drying could
have promoted more uniform film formation, better
plasticizer distribution, and stronger intermolecular
interactions between chitosan and soy protein. The
chitosan-protein composite films show improved
mechanical performance due to interactions such
as hydrogen bonding, ionic interactions, and
hydrophobic interactions that contribute to matrix
cohesion and flexibility. The highest TS of CP4
suggest that hot-air oven drying produced a more
compact and mechanically resistant network. This
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might be due to faster and more controlled solvent
removal that improved the polymer-chain packing.
The drying temperature has been showed to strongly
affect intermolecular interactions and mechanical
performance in biopolymer blend films. For example,
the drying-induced changes in film compactness and
compatibility could enhanced the TS and EAB.#
Furthermore, the marjoram oil and Tween 80 might
influence flexibility by modifying the spacing and
interaction between polymer chains. However,
the essential oils could either reduce TS or have
limited effects that depends on their concentration
and compatibility with the chitosan matrix.*® The
mechanical results suggest that the controlled drying
especially hot-air oven drying produced a stronger
chitosan-soy protein film without compromising
extensibility.

The L* value represents the lightness of the
fabricated films. The lower L* value of all the
samples indicates that the biocomposite films have
relatively dark tones with significant difference in
their brightness. The a* value represents red-green
color. The (+ve) a* represents red tone and (-ve)
a* value indicates green tone.*? All the a* values of
fabricated films are positive so this indicates that the
films have more red tone in their appearance. The
(+ve) b* represents yellow tone and (-ve) b* value
blue tone.*? This suggests that all samples have
yellow color dominant in their appearance. This
might be due to the yellowish color of soy protein that
led to (+ve) b* value among all the samples.*® The
lower L* value and higher a*, b* (but +ve) values in
CP1 sample suggests the presence of more reddish-
yellow color. This might be attributed to the stronger
Maillard-type reaction between chitosan and soy
protein acid hydrolysate.* The higher L* value and
lower a*, b* (but +ve) values in CP1 sample suggests
the presence of less reddish-yellow color.

The low haze value of CP1 and CP4 sample
suggests that drying of film forming solution under
the sun or in hot air oven could led to the formation
of more uniform film structure thus reducing the
scattering of light through fabricated films. The
high haze value of CP2 and CP3 samples could be
attributed to formation of less transparent films which
resulted in the increases in scattering of light. This
increase in scattering might be due to the uneven
distribution of oil within the polymer matrix during
drying. Among all the film samples the vacuum
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dried film sample (CP2) demonstrated the highest
haze value and light transmittance. Similar findings
have been reported in the previous literature where
addition of oil in the polymer matrix decrease the
light transmittance and increases the haze value of
fabricated films.*

The formation of sample aggregates on the
surface of CP1 sample and CP4 sample might be
attributed to the rapid uneven evaporation of the
solvent limits the rearrangement of the molecules
during film formation. These aggregated particles
on the surface might be due to the phenomena of
thermodynamic incompatibility of soy protein and
chitosan.?" The formation of aggregated particles
on the surface of CP1 sample might be attributed
to the phase separation phenomena that usually
occurs during solvent casting method when the film
forming solution is subjected to uncontrolled drying
conditions (in the case Sun drying). The chitosan
and soy protein are partially miscible so during the
uneven evaporation of film forming solution the
differences in these biopolymer interactions might
cause the phase separation.*® This might be due
to the controlled drying of film forming solution
that allows the polymer chains to re-arrange into a
continuous and compact matrix. This rearrangement
of polymer chains gives a smooth, homogenous
surface area with dense cross-sectional surface.*
The irregular structure on the surface of CP3
sample might be associated to the formation of
dispersed oil droplets or microdomains when the
emulsification is incomplete or droplets coalesce
during the evaporation of solvent. This behavior
is typically observed in chitosan-based oil-loaded
films.#® Similar findings have been reported in the
previous literature.?!4748

The XRD patterns of the developed films showed
broad diffraction maxima within the range of
20 = 20-21°. This indicates the presence of
semi-crystalline structures embedded within a
predominantly amorphous polymer matrix. The
observed peak represents the combined short-
range molecular ordering of the polymer network
rather than the crystalline response of the chitosan
alone. The absence of sharp and intense diffraction
peaks further confirms that the developed films did
not possess a highly crystalline structure but were
mainly composed of amorphous domains with limited
ordered regions. The shift in the peak position among
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the samples indicates that different drying conditions
might have influenced the molecular packing and
the inter-chain spacing of the films. The highest
crystallinity of the CP4 samples suggest that hot-air
oven drying promoted the formation of more ordered
regions in the polymer matrix. The lower d-spacing
of CP4 further indicates the close chain packing that
might have improved the intermolecular interactions
and restricted chain mobility under tensile strength.
This structural arrangement is consistent with the
mechanical results where CP4 sample showed the
highest tensile strength among all the samples.
The CP3 sample showed the lowest crystallinity
value of 24.6%. This shows the presence of large
fraction of amorphous region. Although CP3 sample
showed the lowest crystallinity value but the tensile
strength of CP3 sample was higher than CP1
and CP2 sample. In some polymer-protein films,
hydrogen bonding does not produce crystalline
regions unless the chains are arranged in a regular
and periodic manner. Hydrogen bonds could also
be present within the amorphous domains where
they act as physical interaction point and improve
the stress transfer during tensile loading. Thus,
the higher tensile value of CP3 sample might be
related to stronger non-periodic intermolecular
interactions, better compatibility between polymers,
and fewer structural defects in the amorphous phase
rather than to increased crystallinity. In contrast,
the CP4 sample showed both highest crystallinity
and highest tensile value. This suggest that in CP4
sample closer chain packing and a higher ordered
fraction might have contributed more directly to the
mechanical reinforcement. Similar finding have
been documented in the previous literature where
the chitosan and soy protein showed characteristic
semi-crystallinity peak at approximately 20°.%!

The FTIR spectra indicate that all CP films retained
the major functional groups of the film-forming
materials. However, the differences in the band
broadness and relative intensity among CP1-CP4
suggest changes in the molecular environment of
the polymeric network. The broad O-H/N-H band
around 3373 cm' suggest extensive intermolecular
hydrogen bonding among chitosan,*® soy protein,?'
and glycerol. The slight changes in the shape and
intensity of this region among the treatments might
reflect variation in hydrogen-bond formation caused
by different drying conditions that could influence
polymer chain packing and water/glycerol retention
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within the film matrix.2' The C-H stretching bands at
2922 cm™ and 2870 cm™ showed qualitative intensity
differences among the films. This indicates variation
in the exposure or distribution of hydrophobic oil
components within the polymer matrix. The Amide
Il band at 1546 cm™' confirms the contribution of soy
protein and chitosan amino groups. However, the
change in this band region might be attributed to
the interactions between protein amide groups and
chitosan through hydrogen bonding and electrostatic
interactions. Similarly, the band at 1031 cm' suggest
that the glycosidic C-O-C and C-O bonds of chitosan
remained present in all films but changes in the
fingerprint region suggest modification of the local
vibrational environment of polysaccharide chains.
The absence of new absorption bands indicates that
no major new covalent bonds were formed during
film fabrication. Thus, the improved integration of
film components could be likely due to non-covalent
interactions, mainly hydrogen bonding, protein-
polysaccharide interactions, and hydrophobic
associations that involves oil phase.

The TGA and DTG results together confirmed that
the developed films degraded through moisture
evaporation, polymer-matrix degradation, and
final carbonaceous-residue decomposition. The
first degradation event could be attributed to the
loss of free and bound water from the hydrophilic
chitosan-soy protein matrix which is consistent with
the known water affinity of the polysaccharide-based
films.5°%" The apparent onset of the main degradation
stage was approximately 150°C for all the films.
This indicates that the drying method affected the
degradation intensity, residual mass, and DTG peak
sharpness rather than the initial onset of polymer
decomposition. The second stage was assigned
to decarboxylation, depolymerization, glycosyl
decomposition, glycerol-related volatilization/
degradation, and breakdown of the chitosan-soy
protein network. Previous studies reported that the
chitosan degradation mainly around 220-320°C
and soy protein/glycerol film degradation through
glycerol-related loss at 130-280°C followed by
the soy protein backbone decomposition at 280-
420°C. Recent studies reported that glycerol-loaded
chitosan films show glycerol related degradation
before the main chitosan decomposition stage,
while chitosan depolymerization and decomposition
commonly occur in the range of approximately 228-
350°C.% Similarly, chitosan and protein-based films
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have shown mass loss linked with low-molecular
weight proteins, glycerol elimination, and chitosan-
chain degradation with the DTG degradation peaks
around 281-288°C.5" The third stage represented
the decomposition of carbonaceous residues where
the higher final residue of CP2 sample suggested
a greater char-forming tendency or slower terminal
degradation under vacuum drying. The sharper
DTG peaks observed in both CP3 and CP4 sample
indicates a higher apparent degradation rate within
a narrower temperature interval, whereas the
broader DTG peak of CP1 suggests slower and
more distributed degradation.

The increase in WCA from CP1 to CP4 sample
suggests that the drying conditions influenced the
surface properties of the developed films. Chitosan
and protein-based films contain several polar groups
such as hydroxyl groups, amino, and carbonyl
groups that promote water interaction and usually
results in hydrophilic surfaces.52% The lowest WCA
value of CP1 sample shows that the sun-drying
produced the most hydrophilic surface among all
the samples. This could be due to non-uniform
solvent evaporation under fluctuating temperature
and humidity However, the CP4 sample showed the
highest WCA value. This indicates a comparatively
less hydrophilic surface. The hot-air oven drying
might have promoted faster and more uniform water
removal, greater chain packing, and improved the
surface compactness. The WCA result supports
the WVTR and WVP findings. The CP1 showed
the lowest WCA and highest WVTR and WVP
values. This suggests its weak resistance to water
interaction and water vapor transmission. However,
the CP4 showed highest WCA and lowest WVTR
and WVP values, indicating improved surface water
resistance and better water vapor barrier properties.

The variation in WVTR and WVP among the
developed films might be attributed to the effect of
different drying conditions on the film’s properties
such as compactness, molecular packing, and water
vapor diffusion pathways. Biopolymer films based on
chitosan and protein usually composed of hydrophilic
functional groups such as hydroxyl, amino, and
carbonyl groups that can interact with water
molecules and influence the transmission of water
vapors through the film matrix. The CP1 showed the
highest WVTR and WVP that suggest that the sun
drying might have produced a relatively less compact
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or more heterogeneous film structure. The fluctuation
of temperature and humidity during sun-drying might
have caused non-uniform solvent evaporation. This
results in less organized polymer-chain packing and
easier water vapor diffusion through the matrix. The
CP4 sample showed the lowest WVTR and WVP.
This shows that the hot-air oven drying might have
improved the water vapor barrier properties of the
developed films. This could be due to the closed
molecular packing, reduction in free volume, and a
more tortuous pathway for water vapor movement.
Similar finding has been documented in the previous
literature for protein-lipid emulsion films where the
increased drying temperature have reduced the
WVP.** A chitosan-based study also reported that
the films dried at elevated temperature showed
lower WVP and improved physical and mechanical
properties. The WVP results were consistent with
the WVTR results. The film with higher WVTR also
generally shows higher WVP. The CP1 sample
showed highest WVTR and WVP values this shows
its weak water barrier properties. In contrast, the CP4
sample showed lowest WVTR and WVP values that
indicates it good water barrier properties.

The highest ABTS radical scavenging activity was
observed in CP2 and CP3 samples. This could
be attributed to better retention and dispersion
of antioxidant compounds within the film matrix.
Since all the formulation were same the observed
variations might have been associated with different
drying method. The radical scavenging activity of
the developed films might be due to the combined
contribution of marjoram oil, soy protein, and
chitosan. The marjoram essential oil has been
reported to possess antiradical and lipid oxidation
inhibitory activity.%® Furthermore, the soybean protein
hydrolysates also contain antioxidant peptides that
are capable of scavenging free radicals.®® The
chitosan might also contribute to antioxidant activity
through its hydroxyl and amino groups. However,
the radical scavenging activity of chitosan depends
on the molecular weight, degree of deacetylation,
and film matrix interactions.®” The vacuum drying
and room temperature-based drying might have
decreased the loss of volatile and heat-sensitive
antioxidant constituents, whereas sun drying and
hot-air oven-based drying might have caused the
partial degradation or volatilization of the active
compounds.%® Thus, the ABTS results indicate that
vacuum and room temperature-based drying were
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more effective in retaining the antioxidant potential
of developed films.

The CP2 sample showed the highest DPPH
scavenging activity. However, the absence of
significant difference among all the samples
suggests that the drying method did not affect the
DPPH-based antioxidant activity of the developed
films. This could be due to the similar formulation of
all the samples that provided comparable amount
of radical-scavenging components. The slight
increase of antioxidant activity in CP2 samples
indicates better retention of antioxidant compounds
under vacuum drying. However, the effect was not
strong enough to produce a statistically significant
difference. When comparing both ABTS and DPPH
assay, the DPPH assay might be less responsive
in the developed films because DPPH is more
limited by solvent compatibility, radical accessibility,
and diffusion of antioxidant compounds from
the film matrix. In contrast, ABTS is generally
more applicable to both hydrophilic and lipophilic
antioxidants and could be more sensitive in complex
food and packaging matrices. Palavouzi et al.
(2025) reported that the antioxidant activity of high-
methoxy pectin-tomato paste films decreased as
the drying temperature increased.® Rodriguez et
al. (2020) reported that papaya-based films loaded
with Moringa oleifera and ascorbic acid dried at
room-temperature, dehydrator drying, and oven
drying did not show any significant difference.®°

Conclusion

In conclusion, this study demonstrated that
drying conditions significantly influenced the
physicochemical, structural, mechanical, barrier,
optical, and antioxidant properties of chitosan/soy
protein acid hydrolysate biocomposite films loaded
with marjoram essential oil. Since all the films
were prepared by using the same formulation, the
observed variations were mainly associated with
drying-induced difference in solvent evaporation
rate, polymer-chain rearrangement, molecular
packing, crystallinity, surface hydrophobicity, and
distribution of hydrophobic components within the
film matrix. Among the drying methods, hot-air
oven drying produced films with the highest tensile
strength, highest crystallinity, smallest d-spacing,
highest water contact angle, and lowest water barrier
properties. These findings show that controlled hot

air drying promoted the formation of close molecular
packing, improved chain organization, reduced
water vapor diffusion pathways, and improved the
mechanical and barrier performance of the films.
However, the room-temperature drying resulted in
films with the lowest crystallinity but relatively good
tensile strength. The vacuum drying produced films
with favorable optical properties and improved
flexibility. The antioxidant results showed that the
room-temperature and vacuum drying were more
favorable for retaining radical scavenging activity,
whereas hot-air drying improved the structural and
barrier properties of the films. The findings show that
drying conditions play an important role in tailoring
the functional performance of chitosan/soy protein
acid hydrolysate films loaded with marjoram essential
oil. However, the direct experimental evidence
for polymer-chain rearrangement, oil migration,
molecular packing, and specific intermolecular
interactions were not evaluated. Additionally, the
post-drying GC-MS analysis, retention assessment,
phenolic quantification, quantitative SEM image
analysis were not performed. Thus, the proposed
mechanisms should be considered tentative, and
further studies are need to confirm these structural
and chemical changes along with the antimicrobial
performance, release kinetics, storage stability, and
real-time food packaging applications.
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