Ché tao mang cellulose acetate hoat tinh chira tinh dau
oregano va sodium alginate dung trong bao bi thwwc pham

Ping Thi T6 Nit'*, Nguyén Thuy Ngoc Tram', V6 Thi Trong Hoa'
!'Faculty of Natural Sciences, Quy Nhon University, Vietnam.

Received: dd/mm/yyyy, Revised: dd/mm/yyyy,
Accepted: dd/mm/yyyy; Published: dd/mm/yyyy

TOM TAT

Nghién ciru nay phat trién va danh gia cic mang cellulose acetate (CA) két hop véi tinh dau oregano (OEO)
va sodium alginate (SA) nham ung dung lam bao bi thuc phém hoat tinh. OEO 1a mdt chiét xuét thuc vat tu nhién c6
ddc tinh khang khudn va chong oxy héa, duoc nhii hoa bang cach két hop pha dau va pha nudc dé tao thanh hdn hop
on dinh sau d6 nho ting giot c6 kiém soat vao gel CA trudc khi tao mang. Cac mang dugc tao ra bang phuong phap
duc va duogce khao sat hoat tinh chéng oxy héa, kha nang khang khuén, dic tinh can hoi nudc, phé IR, phéan tich nhiét
va hinh thdi bé mat. Hoat tinh chéng oxy hoa dugc dinh luwgng bang phuong phip DPPH (2,2-diphenyl-1-
picrylhydrazyl), cho thiy kha ning bat gdc tu do ting theo nong do, voi mang CA/SA/OEO 4.5% dat hiéu qua 84%.
Thir nghiém khang khuén cho thdy ving e ché vi khuén 1a 35 mm d6i v6i Escherichia coli va 44 mm d6i vé6i
Staphylococcus aureus. Phan tich bang kinh hién vi dién tir quét (SEM) cho thdy su phan bd dong déu cia cac giot
nhil twong gitp cai thién céu tric mang va ting cuong dic tinh can hoi nude. Nhitng két qua nay cho thdy mang CA
chira tinh dau oregano 14 vét liéu phan huy sinh hoc day hira hen vai nhiéu chire nang cho g dung bao bi thyc phim
hoat tinh.

Keywords: CA/SA/OEO, oregano, gel nhii twong, bao bi hoat tinh.



Preparation of Cellulose Acetate-Based Active Films
Containing Oregano Essential Oil and Sodium Alginate for
Food Packaging

Dang Thi To Nu'*, Nguyen Thuy Ngoc Tram!, Vo Thi Trong Hoa!

'Faculty of Natural Sciences, Quy Nhon University, Vietnam.

Received: dd/mm/yyyy, Revised: dd/mm/yyyy,
Accepted: dd/mm/yyyy; Published: dd/mm/yyyy

ABSTRACT

This study developed and evaluated cellulose acetate (CA)-based films incorporating oregano essential oil
(OEO) and sodium alginate (SA) for application as active food packaging. OEO, a natural plant extract with known
antimicrobial and antioxidant properties, was emulsified by combining oil and water phases to form a stable mixture,
which was then added dropwise into the CA gel before film formation. Films were produced using the casting method
and investigated for antioxidant and antimicrobial activities, water vapor barrier properties, infrared spectra (IR),
thermal behavior, and morphological characteristics. Antioxidant activity was quantified using the DPPH (2,2-
diphenyl-1-picrylhydrazyl) assay, which demonstrated a concentration-dependent increase in radical scavenging, with
the CA/SA/OEO 4.5% film achieving 84% activity. Antimicrobial assays, which test a material's ability to inhibit the
growth of bacteria, indicated inhibition zones of 35 mm against Escherichia coli and 44 mm against Staphylococcus
aureus. Scanning electron microscopy (SEM) analysis showed that uniform dispersion of emulsion droplets improved
film structure and enhanced barrier properties. These findings indicate that CA-based films containing oregano
essential oils are promising biodegradable and multifunctional materials for active food packaging.

Keywords: CA/SA/OEQO, oregano, emulsion gel, active packaging.
1. INTRODUCTION The development of new, effective,

n recent years, food safety has gained significant biodegradable, and non-toxic materials for fruit

attention, leading to an increased demand for and food preservation films has been attracting

. ) . . increasing attention from researchers.>® Cellulose
“natural” antibacterial agents. Essential oils &

(EOs), derived from plant secondary metabolites, acetate (CA) is one of the environmentally

have gained attention as safe and effective natural friendly polymers widely used in packaging

A materials, and thus, many studies have focused on

. . - ..
SRR Currently, EOs are creating active films based on this biopolymer.

10 :
utilized in various fields, including food However, CA has some inherent drawbacks

preservation, biomedicine, and  cosmetics. such as low flexibility and poor moisture barrier
Among them, oregano essential oil (Origanum properties, limiting its application in food
vulgare) has been reported to possess strong preservation packaging.

antibacterial properties, effectively combating Sodium alginate (SA) is an anionic
pathogens in fruits and food due to its high polysaccharide with polyhydroxyl and carboxyl
concentration of phenolic compounds such as groups, typically extracted from brown algae,

carvacrol and thymol."»%# making it non-toxic and environmentally



friendly. SA provides strong gel-forming,
emulsifying, and film-forming properties.'"!? Its
capacity to form hydrogel networks and prevent
droplet aggregation makes it well-suited as an
EO-based

Additionally, its ability to incorporate antioxidant

emulsifier for emulsions.'®
and antibacterial compounds positions it as a
valuable additive for enhancing the properties of

14,15

food packaging films.

Despite the potential of essential oils in
packaging, challenges remain in achieving
uniform dispersion, maintaining mechanical
integrity, and controlling the release of active
compounds. The emulsification of OEO has
proven to be an effective strategy for enhancing
its stability and reducing volatility.'®'” Choosing
the right emulsifier is crucial for making stable
OEO emulsions. Previous studies have shown
that using emulsification agents such as Tween
80 or SA not only improves the stability of
essential oil emulsions but also increases their
antimicrobial efficacy against pathogens like
Shewanella putrefaciens and Shigella sonnei,
while boosting antioxidant activity.!*!®* However,
there have been no studies combining OEO with
cellulose acetate films using the emulsification
method. This study aims to develop and
characterize CA-based films with OEO, SA and
Tween 80, focusing on their antioxidant and
antimicrobial activities, water vapor barrier
properties, and structural features. The findings
are intended to advance biodegradable active

packaging materials for food preservation.
2. MATERIALS AND METHODS
2.1. Materials

Cellulose acetate (CA, My = 30,000 g/mol,
containing 39% acetyl groups) was purchased
from Sigma-Aldrich (USA). Sodium alginate
(analytical reagent grade) and Tween 80 were
obtained from Shanghai Zhanyun Chemical Co.,
Ltd (China). Acetone (99%) was supplied by
Xilong (China), and pure oregano essential oil
(OEO, 100%) was sourced from KeyPharm

(Belgium).
2.2. Films preparation

The emulsion preparation method was carried out
based on the report of Baranauskaite with
modifications.”” A 2% sodium alginate (SA)
solution was initially prepared by dissolving SA
in distilled water, followed by continuous stirring
at 60 °C for 3 hours to obtain a homogeneous gel.
The stirring process was maintained while
gradually cooling the gel to room temperature.
Subsequently, Tween-80 and oregano essential
oil (OEO) were incorporated into the SA solution
under magnetic stirring at a ratio of 0.15:0.4:5
(Tween-80:0OEO:SA) for 60 minutes at room
temperature, resulting in the formation of the
SA/OEO emulsion.

CA/SA/OEO films were prepared using the
solvent evaporation casting method. CA (8%
w/w) was dissolved in acetone and stirred at
50 °C for 3 hours to form a gel. The emulsion was
added dropwise to the CA solution under
continuous stirring at room temperature at
concentrations of 0%, 3%, 4.5%, and 6% Vv/v,
corresponding to CA/SA/OEO 0%, 3%, 4.5%,
and 6%. After 2 hours, a homogeneous emulsion-
gel mixture formed. The mixture was left
undisturbed for 2 hours to remove air bubbles,
then poured onto a glass plate and spread with a
casting knife at 250 um thickness and 1 mm/s
speed. Films were left at room temperature for 40
minutes to complete phase inversion, then
removed with tweezers and stored in zip-lock

bags for analysis.
2.3. Film characterization

2.3.1. Moisture content (MC), total soluble matter
(TSM) and water vapor transmission rate
(WVTR)

Moisture content (MC) determined by the method
of Erceg et al. 10" The films were initially weighed
at room temperature as m; (g), then dried at
105°C until their mass stabilized, at which point
it was recorded as m, (g). The calculation was



performed using the following equation.

mp;—m;

MC% =

.100 (1)

1

The solubility of active films was assessed using
a modified method based on Meerasri et al.'®
Samples (1 x 2 cm?) were dried at 105 °C for 24
hours to a constant weight, cooled, weighed (m”),
and then immersed in 20 mL of distilled water for
24 hours. The remaining insoluble material was
then dried at 105 °C for 24 hours, cooled, and
reweighed (m’’) to determine solubility.

) _ mr—mr'/

TSM (% 100 (2)

Water vapor transmission rate (WVTR) was
determined according to ASTM E-996-00
(ASTM, 2000) with some modifications. The
procedure involved the following steps: (1) 8 ml
of distilled water was poured into each glass jar
(mouth diameter: 3 cm, height: 5.3 cm) to create
a relative humidity of 100%. (2) The mouth of
each jar was then covered with a film (test
sample). (3) The sealed jars were placed in a
drying oven set at 40 °C. (4) The jars were
weighed every 24 hours (accuracy 0.0001 g,
measured at least 3 times) for a 24-hour period.
(5) Linear regression was used to monitor the
change in mass over time. The formula for water
vapor transmission rate (WVTR (g.h"'.m?)) was

calculated as follows:

Am

WVTR =
AXAt

3)

In which: Am is mass loss of water in the glass jar
(g); A is area of the film through which water
vapor permeates (= 7.06 x 10* m?); At: time
(hour).

2.3.2. Fourier Transform Infrared (FTIR)
spectroscopy, Scanning Electron Microscopy
(SEM), and evaluation of their thermal stability

FTIR spectroscopy was used to analyze the
infrared spectra of the fabricated films.
Measurements were taken from 400 to 4000 cm™
at a resolution of 4 cm™, averaging 32 scans

(Iffranityls, Shimadzu, Japan). The surface and

cross-sectional structures of the packaging films
were examined using a scanning electron
microscope (Hitachi S-4800, Japan) at an
accelerating voltage of 5 kV. Before imaging,
samples were coated with gold for 200 seconds
using a sputter coater and mounted on aluminum
stubs with conductive adhesive to improve
conductivity. The thermal properties of the
polymer films were studied using a Labsys Evo
differential scanning calorimeter (France).
Thermogravimetric analysis was performed
under air flow (50 mL/min) at a temperature
range from 25 to 600 °C at a heating rate of 10

°C/min.
2.3.3. Thickness and mechanical properties

Film thickness was measured with a digital
micrometer (Mitutoyo Co., Tokyo, Japan) with a
precision of +0.001 mm. Each film sample
underwent five measurements at randomly
selected points. The mean thickness was
calculated and used to determine additional
parameters, such as mechanical properties and
water vapor permeability. Tensile strength (TS)
and elongation at break (EB) were evaluated
according to the ASTM D882 standard (ASTM,
2002) using a Mark-10 testing machine (USA).
Rectangular film specimens measuring 8 x 2 cm
were prepared. The initial gap between clamps
was set at 60 mm, and a 100 N load cell was used.

TS was calculated as follows:
TS(MPq) = e )
In which: Fmax: maximum measured force (N);
®@: cross-sectional area of the membrane (mm?).

The elongation at break is calculated by the

following formula:
Al
EB(%) =_--x100 (5)
0

Where: Al is the measured elongation of the film
sample during testing, expressed in millimeters
(mm). lo is the initial length of the sample prior to

testing, expressed in millimeters (mm).



2.4. Antibacterial Testing

To assess antibacterial properties,
Staphylococcus aureus (PTCC 1112) and
Escherichia coli (PTCC 1270) were chosen as
representatives of Gram-positive and Gram-
negative bacteria, respectively. The antibacterial
performance was tested using the agar well
diffusion method. Bacterial suspensions (0.1 mL,
107 CFU/mL) were evenly spread onto agar
plates. Film samples were cut into 18 mm discs,
consistent with commercial standards, and placed
on the inoculated agar surfaces. The plates were
then incubated at 37°C for 24 hours. The
effectiveness of the films was determined by
measuring the diameter of the inhibition zones
formed around each sample. The zone of
inhibition (ZOI) was calculated using the
formula: ZOI (mm) =D —-d (6)

In this equation, D refers to the diameter of the
inhibition zone (in mm), while d represents the

diameter of the agar well (in mm).
2.5. Antioxidant activity

A 2 mmol/L DPPH solution in 70% ethanol was
prepared. 2 mL of this solution was added to
stoppered vials containing 2 mg film samples.
The vials were wrapped in aluminum foil and
incubated for 30 minutes before measuring
absorbance at 517 nm using a spectrophotometer
(Shimadzu UV1800). All measurements were
performed in triplicate. The percentage of DPPH
free radical scavenging activity was then

calculated.

%DPPH = 2250Pri—AbSsampte 100 (7)

AbSpppH

Where: Abspppn is the absorbance of the blank
DPPH solution at 517 nm; AbSgymple is the

absorbance of the film-treated sample at the same

wavelength.
3. RESULTS AND DISCUSSION
3.1. Characterization of CA/SA/OEOQ active films

3.1.1. Chemical structures analysis

Figure 1 shows the FT-IR spectra of the prepared
films. The spectra exhibited characteristic peaks
of cellulose acetate (~1735 cm™ for C=0 ester,
~1215 cm™ for C-O ester, and ~1029 cm™ for C—
0O-C).” The band at 3498 cm’!, representing free
OH groups in the CA polymer, was significantly
reduced in the films incorporating OEO
emulsion. This reduction indicates that
embedding OEOs into the CA matrix limits the
presence of free OH groups, thereby improving
the water barrier properties of the film. The peaks
at approximately 1637 cm™ and 1410 cm™
correspond to the COO~ vibration of COO-
symmetric stretch of alginate. The increased
intensity at 2949 cm™ (C-H stretching)'
indicated the presence of OEQO in the film matrix.
The absorption peak at around 1561 cm™
transformed into a series of small peaks in the
range of 1500-1600 cm™, and peaks at 1508 cm™
(conjugated groups) and 1457 cm™' (-CH:
bending vibration) confirmed the effective
incorporation of OEO into the films.2? The peaks
at 810 cm™ (C-H bending), 939 cm™ (C-C
bending vibration), and 1178 cm™ (C-O-C
stretching) were either very weak or not
observed. The observed peak shifts imply
molecular interactions among CA, SA, and OEO

components during their dispersion within the

film matrix. 2!
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Figure 1. FTIR spectra of CA/SA/OEO films

3.2.2. Morphologies analysis
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Figure 2. SEM images of surface (1, 2) and cross-section (3) of active films: (A1, A2, A3) CA/SA/OEO 0%j;
(B1, B2, B3) CA/SA/OEO 3%; (C1, C2, C3) CA/SA/OEO 4.5%; (D1, D2, D3) CA/SA/OEO 6%

Table 1. Moisture content (MC), total soluble matter (TSM), water vapor transmission rate (WVTR), thickness,
tensile strength (TS) and elongation at break (EB) of the CA/SA/OEO films

Films MC TSM WVTR Thickness TS EB

(%) (%) (gh".m?) (mm) (MPa) (%)
CA/SA/OEO 0% | 8.32+0.21 | 0.01 £0.01 | 46.86 +0.33| 0.007 + 0.003| 33.32 + 0.12| 4.60 £ 0.92
CA/SA/OEO 3% | 4.92+0.06 | 2.50+0.12 | 15.13 £0.14| 0.021 £ 0.001|31.42 + 1.59| 4.88 £ 0.94
CA/SA/OEO 4.5%| 1.35+0.14 | 1.51£0.05 | 8.58+0.29 | 0.023 + 0.005| 16.76 + 0.30| 18.03 + 3.28
CA/SA/OEO 6% | 1.26+0.02 | 2.36 £0.23 | 10.26 £ 0.52| 0.032 + 0.002| 15.52 + 1.22| 4.82 + 0.372




Figure 2 presents SEM images illustrating the
surface and cross-sectional morphology of CA
and OEO emulsion incorporated films. SEM
analysis revealed that the surface and cross-
sectional views of the CA/SA/OEO 0% film were
smooth and intact, with no visible holes or cracks,
that that was uniformly distributed and well-
dispersed, without significant agglomerations
(Figure 2.A1, 2.A2, 2.A3). Films containing 3,
4.5, and 6% OEO emulsion exhibit increased
surface roughness characterized by valley-like
grooves and circular bumps (Figure 2.B1, 2.C1,
2.D1). This surface morphology suggests
effective encapsulation of OEO within the film,
as indicated by the presence of sodium alginate
(SA), Tween 80, and OEO from the emulsion.
Emulsion instability during the drying process
results in surface irregularities.”” At higher
magnifications (Figure 2.A2, 2.B2, 2.C2, 2.D2),
SEM images illustrate the dispersion of OEO
particles within the CA matrix. In the
CA/SA/OEO 4.5% film, the microparticles
appear well-distributed and stable. However, in
the film containing 6% OEOQO, particle
agglomeration becomes evident, contributing to a
noticeably rougher surface compared to the other
OEO-containing films. Analysis of cross-
sectional SEM images (Figure 2.A3, 2.B3, 2.C3,
2.D3) demonstrates that film thickness increases
as the concentration of OEO emulsion rises,
consistent with the thickness measurements in
Table 1. The observation of cross-sectional pores
(Figure 2.B3, 2.C3, 2.D3) further confirms the
embedding of OEO within the film matrix, which
aligns with findings reported by Xu et al.”* The
incorporation of OEO particles expands the
spacing between CA chains, leading to an
increase in the thickness of films. The film
containing 4.5% OEO exhibits uniformly
distributed particles and pores within the CA

matrix.
3.2.3. Thermal stability analysis

Figure 3 illustrates the thermal degradation of the

films via TGA and dTG analyses. The thermal
degradation of pure CA (CA/SA/OEO 0%,
Figure 3.A) occurs in three distinct stages. The
first stage, observed up to 120 °C, corresponds to
a mass loss of 9.7%, primarily due to the

evaporation of moisture and residual solvents.?*

100
(A)
80 -
£ 60
£
=
= 40
{ —— CAISA/OED 0%
00 | —— CA/SAIOEO 3%
—— CA/SAJOEOQ 4.5%
{ —— CA/SA/OED 6%
o477
100 200 300 400 500 600
Sample temperature (°C}
0 -
234.68
1 271.66
5 273.42
< 2 269.13
(=2
g
© -3
5 -----340.25
_4_ 8
|[——CAishioED 0% 343.02
5 || — CAIsAIOED 3%
—— CA/SAJOEO 4.5% 339.65
1L —— cA/sAI0ED 6%
61—

100 200 300 400 500 600
Sample temperature (°C)

Figure 3. TG curves (A) and DTG curves (B) of
fabricated films

This mass loss was greater than that observed in
the films containing OEO, indicating a higher
moisture content, which aligns with the moisture
values presented in Table 1. The second stage,
occurring between 250°C and 400°C, is
identified as the main thermal decomposition
phase, with a significant mass loss of 90.04%.
This stage is attributed to the breakdown of the
CA polymer backbone, cleavage of glycosidic
linkages, and the formation of furanic
compounds.'® The third stage, above 500 °C,
represents the final degradation phase, associated
with complete decomposition and carbonization
of the sample. Similar to pure CA, the OEO-



containing films also exhibited three distinct
degradation stages. However, during the main
decomposition stage, two separate mass loss
events were observed, corresponding to the
thermal degradation of sodium alginate (SA)
between 250°C and 280 °C.**!®* Notably, the
mass loss for the CA/SA/OEO 4.5% film in this
stage was 5.98% lower than that of the
CA/SA/OEO 6% (12.39%) and CA/SA/OEO 3%
(20.49%) films. The third stage occurs between
300 °C and 400 °C. At this stage, the mass loss
for the CA/SA/OEO 4.5% film was
approximately 75.26% higher than that of the
CA/SA/OEO 3% film, which had a mass loss of
about 66.93%, and the CA/SA/OEO 6% film,
which had a mass loss of 69.54%. The primary
cause of quality deterioration in this stage is the
breakdown of the deacetylation of CA. The total
mass loss in stage 2 of the CA/SA/OEO 4.5%
film is 81.24%, exhibiting significantly lower
mass loss compared to the films containing 3%
and 6% OEO. The CA/SA/OEO 4.5% film
demonstrated higher residual mass and improved
thermodynamic stability when exposed to
temperatures exceeding 550 °C. The dTG, which
represents the first-order derivative of TGA, is
shown in Figure 3B. The peak temperature in the
dTG curve, indicating the highest degradation
rate, is defined as the maximum degradation
temperature (Tm). A slight decrease in T was
observed with increasing OEO content,
suggesting a minor reduction in thermal stability.
This behavior may result from interactions
among CA, OEO, and SA, which also influence

the overall mass loss of the films.

3.2. Analysis of moisture content, total soluble

matter and water vapor transmission rate

As shown in Table 1, the moisture content
decreased with increasing OEO emulsion amount
in the films. The moisture content ranges from
8.32% for CA/SA/OEO 0% film to 1.26% for
CA/SA/OEO 6% film. The incorporation of OEO
contributes to the hydrophobic nature of the film

surface.!” Additionally, cross-linking between
the CA polymer and OEO may further reduce
moisture content.?> A study by Jiang et al found

that adding essential oil to multilayer

gelatin/myofibrillar  films  decreased  their

wettability.26

Film solubility, expressed as total soluble matter
(TSM), is a critical parameter for packaging
moisture-rich foods such as fruits. Lower
solubility enhances structural integrity in humid
environments, contributing to extended shelf life
and reduced nutrient, water, and flavor loss.?’
Among the tested films, CA/SA/OEO 4.5%
exhibited the lowest solubility (1.51%), making it
the most suitable for humid conditions. In
contrast, the higher solubility of CA/SA/OEO 3%
may compromise its preservation performance.
The interaction between OEO emulsion and the
film matrix disrupted intermolecular forces and
formed bonds with hydroxyl groups.!® This
interaction reduced the film's solubility in water.

Water Vapor Transmission Rate (WVTR) is a
critical parameter in food packaging, as moisture
plays a key role in maintaining product stability
and controlling microbial growth—both essential
for preserving food quality. Films with high
WVTR allow moisture to escape, potentially
leading to dehydration and quality degradation.
Conversely, low WVTR may cause moisture
accumulation, promoting bacterial and mold
growth. For specific packaging applications,
increasing film thickness or using high-barrier
materials typically achieves the required gas
transmission rates. Incorporating hydrophobic
OEO emulsion droplets into the CA matrix
increased both  hydrophobicity and the
complexity of the water vapor diffusion pathway.
Intermolecular interactions between the OEO
emulsion and CA chains resulted in a denser
surface structure. Of the samples tested, the
CA/SA/OEO 5% film demonstrated the best
water vapor barrier properties, likely due to its

uniform structure as shown in SEM images



(Figure 2). In comparison, 3% and 6% films
showed uneven emulsion droplet distribution,
which disrupted the compact CA structure and
created pores and internal cavities that increased
water vapor diffusion. While the pristine CA film
was tightly packed, its thinner and more
hydrophilic nature led to a higher WVTR value.

3.3. Mechanical properties of CA/SA/OEQ active
films

3.3.1. The thickness

Table 1 shows that the addition of OEO emulsion
significantly increased film thickness compared
to the CA film. This finding is consistent with
previous research indicating that plasticizers and
lipid-based substances increase film thickness.
Employing an optimal surfactant-to-oil ratio and
sufficient acoustic energy during emulsification
improved the stability of the film-forming
solution during drying. This approach reduced
OEO emulsion loss and increased film
thickness.”” The generation of microdroplets
from hydrophobic OEO during homogenization
also contributed to this outcome. Furthermore,
higher concentrations of OEO emulsion
increased the total solid content in the solution,

further enhancing the final film thickness.
3.3.2. Tensile strength and elongation at break

Tensile strength (TS) and elongation are crucial
factors for food packaging films. Films with high
tensile strength are less likely to tear under stress,
making them suitable for applications that require
significant mechanical strength. In contrast, films
with high elongation can stretch well and are less
likely to break when bent or stretched, which is
particularly important in stretch packaging or in
applications that demand ﬂexibilityzg. Table 1
demonstrates that incorporating OEO produced a
typical plasticizing effect, marked by a decline in
TS and an increase in elongation at break (EB).’
Pure CA film's rigidity and brittleness are
reflected in its high TS (33.32 MPa) and EB of
4.88%. The incorporation of OEO emulsion into

CA films resulted in a decrease in TS and a
notable increase in EB. This mechanical behavior
is attributed to molecular-level interactions
between OEO emulsion and CA chains.
Specifically, the well-dispersed OEO emulsion
disrupts the intermolecular hydrogen bonding
among CA chains,'’ leading to an increase in free
volume and enhanced polymer chain flexibility.?’
The hydrophobic constituents of OEO, such as
carvacrol and thymol, interact with the CA matrix
primarily through van der Waals forces, which
are weaker than hydrogen bonds. These
interactions are evidenced by the reduced
intensity of the O—H stretching band in the FTIR
spectrum (Figure 1), indicating a weakening of
hydrogen bonding. Additionally, shifts or
decreases in the C=0 and C-O stretching bands
(Figure 1) suggest increased free volume and
reduced intermolecular cohesion, consistent with
the plasticizing effect of OEO.? However, when
OEO is added in excess, it can form dispersed
droplets within the film matrix (Figure 2.D2),
which act as localized stress points. These
microstructural ~ discontinuities can = slightly
reduce EB due to uneven stress distribution
during deformation. Consequently, the optimal
CA/SA/OEO and Tween 80 ratios in the
CA/SA/OEO 4.5% film demonstrate good
compatibility, significantly improving
elongation. According to Algahtani et al.,
biodegradable films with tensile strengths
ranging from 1 to 10 MPa are deemed acceptable
for practical use.?® Since all the prepared films
have tensile strengths above 10 MPa, they are
suitable for practical applications in active

packaging.
3.4. Antibacterial and antioxidant properties

Figure 4 presents the antibacterial activity test
results for as-prepared active films. Initially, the
CA film without OEO did not show antibacterial
inhibition zones, but no bacteria appeared on the
film surface. In contrast, the OEO films

demonstrated a distinct antibacterial zone. The
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Figure 4. Photographs of inhibition zones formed by active films against £. Coli and S.aureus

Table 2. Zone of inhibition (ZOI) values of the films
against £. Coli and S.aureus

Films 701 701
(E. Coli) (S.aureus)
(mm) (mm)

CA/SA/OEO 0% nd nd
CA/SA/OEO 3% | 25+0.3 25+£0.2
CA/SA/OEO 35+£0.1 44+0.1
4.5%
CA/SA/OEO 6% 34+£0.1 33+£0.3

determined by the concentration of carvacrol, its
most active compound, as well as other phenolic
constituents such as thymol and p-cymene, which
act synergistically. These compounds disrupt
bacterial outer membranes, increase
permeability, and result in the loss of ions,
adenosine triphosphate (ATP), and other
cytoplasmic components, thereby inhibiting
bacterial growth.*® Subsequently, Table 2
displays the inhibition zone (ZOI) values for
films tested against £. Coli and S.aureus. Analysis
of these results shows that membrane
CA/SA/OEO 4.5% exhibits the highest
antibacterial activity, followed by CA/SA/OEO
6%. Overall, these findings suggest that the OEO

emulsion with sodium alginate (SA) and Tween
80 effectively stabilizes OEO in microparticle
form within the film matrix, which minimizes

loss during film formation.

Table 3. DPPH Radical Scavenging Activity of
CA/SA/OEO films

Films DPPH | DPPH | DPPH
(%) (%) (%)
30 60 min | 12 hour
min
CA/SA/OEO 0 0 0
0%
CA/SA/OEO 363 £1693 +£ 832 +
3% 0.2 0.1 0.3
CA/SA/OEO 399+ 755 £|84.0
4.5% 0.2 0.3 0.1
CA/SA/OEO 458 +179.6 +|842 +
6% 0.1 0.5 0.4

The antioxidant activity of the films was
evaluated using various concentrations of film
extract solutions (Table 3). According to the
DPPH assay, the CA/SA/OEO 6% film exhibited
the highest radical scavenging activity, reaching
84.2% after 12 hours. As expected, the pristine
CA film showed no antioxidant activity due to the
absence of active compounds. The observed
increase in antioxidant performance results from

bioactive compounds present in oregano essential



oil, including thymol and carvacrol. These
compounds donate electrons or hydrogen atoms
to neutralize free radicals. The DPPH% values
presented in Table 3 demonstrate a consistent
increase in antioxidant activity over time,
suggesting a gradual and sustained release of
essential oil from the film matrix. However, at
higher concentrations, the essential oil may
aggregate or distribute unevenly, potentially
compromising the mechanical integrity and
altering the surface morphology of the films.

4. CONCLUSION

This study highlights the potential of cellulose
acetate films with oregano essential oil emulsion,
prepared using sodium alginate and Tween 80, as
active packaging materials with improved
antibacterial, antioxidant, and water barrier
properties. The CA/SA/OEO 4.5% formulation
achieved 84% DPPH radical scavenging activity,
indicating sustained essential oil release.
Antimicrobial tests showed inhibition zones of 35
mm for E. Coli and 44 mm for S. aureus,
confirming strong antibacterial effects. SEM
analysis showed that uniform emulsion droplet
dispersion enhanced film morphology and barrier
performance, while higher OEO concentrations
led to aggregation and structural irregularities.
These findings support the use of ternary CA
composites as active packaging to extend the

shelf life of various food products.
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