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Abstract: The objective of this research is to prepare a composite packaging film by integrating oregano essential oil
(OEO) into a chitosan (CS)/polyvinyl alcohol (PVA) matrix to enhance the preservative properties of food packaging
films. For this purpose, the study established multiple quality evaluation methods for composite films. The composite
weights for each evaluation indicator were calculated through the analytic hierarchy process-coefficient of variation
(AHP-CV), deriving the comprehensive score value (OD). Employing OD as the ultimate evaluation indicator, the
optimal preparation formula for the OEO composite film was ascertained by applying response surface methodology
(RSM), incorporating insights gained from single-factor experiments. The results showed that the optimum formula-
tion was CS 1.51 g, PVA 3.51 g, glycerin 1.97 g, and Tween-80 0.51 g. The OD for the OEO composite film prepared
under these conditions was 83.95 + 0.12%, closely matching the predicted value of 83.91%. Characterisation further
confirmed the cross-linking action between CS and PVA, while the inclusion of OEO enhanced the antimicrobial activ-
ity of the composite film. These findings suggest incorporating OEO into composite packaging films holds considerable
potential for enhancing food packaging applications.

Keywords: antimicrobial properties; food packaging film; chitosan; polyvinyl alcohol

As the public becomes increasingly aware of the is a growing emphasis on the efficacy of natural an-
risks and hazards associated with using synthetic ad-  timicrobials for food preservation (El-Saber Batiha
ditives and preservatives in the food industry, there etal. 2021). The food industry aims to reduce synthet-
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ic preservative use due to highlighted concerns about
accumulation and long-term toxicity in toxicological
studies (Sambu et al. 2022; Yang et al. 2023). Natu-
ral plant essential oils provide a significant and safe
alternative for retarding the deterioration and oxi-
dation of food during storage (Bukvicki et al. 2023).
Therefore, exploring the potential of essential oils
as alternatives to traditional synthetic fungicides for
preserving fruits and vegetables is of paramount sci-
entific significance (Shi et al. 2021). Nevertheless,
despite the promising potential of essential oils as al-
ternatives to chemical preservatives, specific limita-
tions must be tackled before contemplating their
application in food systems (Ferndndez-Lépez and
Viuda-Martos 2018).

Oregano essential oil (OEO) is a volatile plant es-
sential oil renowned for its antimicrobial and anti-
oxidant effects (Wu et al. 2022). The antimicrobial
action of OEO is attributed to its ability to target the
cell walls and membranes of bacteria, resulting in sig-
nificant damage to both the cell walls and membranes.
This damage leads to the formation of cytoplasmic
vacuoles and stainless vesicles, causing disruption and
interruption of intracellular structures (Lu et al. 2018).
The OEO also induces an imbalance in intracellular
osmotic pressure, ultimately leading to cell necro-
sis. Furthermore, carvacrol is the main component
of OEO, which induces changes in the bacterial cell
surface, affecting the initial adhesion during biofilm
development and further inhibiting bacterial growth
(Tapia-Rodriguez et al. 2017). The OEO has demon-
strated remarkable antimicrobial effectiveness against
common foodborne pathogens, establishing itself
as a natural antimicrobial agent for food preserva-
tion. The study evaluated the antimicrobial activity
of Staphylococcus aureus, a common foodborne path-
ogen isolated from poultry meat, confirming that all
isolated strains were sensitive to the OEO (Marques
et al. 2015). Another study determined the antimi-
crobial activity of the OEO against six foodborne
pathogens, including three Gram-negative bacteria
(Escherichia coli, Salmonella enterica, and Vibrio
cholerae) and three Gram-positive bacteria (S. aureus,
Listeria monocytogenes, and Bacillus cereus) (Evan-
gelista-Barreto et al. 2018). The OEO exhibited food-
grade antimicrobial activity against these foodborne
Gram-negative and Gram-positive pathogens, making
it a natural preservative for preventing spoilage bac-
teria in food.

The OEO has received approval from the Unit-
ed States. Food and Drug Administration (FDA)
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as a food additive, affirming its safety and preserva-
tion attributes (Veenstra and Johnson 2019; Zhan
et al. 2022). Even though the OEO has these advan-
tages, it also has certain limitations. The main con-
straints of using OEO as a food additive are its high
volatility, low solubility, intense irritability, and the
potential to negatively impact the sensory charac-
teristics of food (Li et al. 2020). Recent attention
has shifted toward incorporating various active sub-
stances, including natural antimicrobial agents like
essential oils, into food packaging materials, effec-
tively enhancing performance, inhibiting microbial
growth in food, and improving preservation quality
(Punia Bangar et al. 2021). Incorporating ginger es-
sential oil into agarose-sodium alginate double-layer
films enhances their barrier properties and water sen-
sitivity while imparting excellent antimicrobial activ-
ity (Zhang et al. 2023). Adding tea tree essential oil
to starch/furcellaran/gelatin films reduces the thermal
stability of the films, with a significant improvement
in antioxidant performance (Jamréz et al. 2018). In-
cluding clove essential oil in alginate/k-carrageenan-
based edible films reduces the mechanical properties
of the films, enhances flexibility, and effectively im-
proves antioxidant and antimicrobial properties
(Prasetyaningrum et al. 2021). Most research reports
emphasise that adding essential oil to composite films
affects various properties of the films and enhances
their antioxidant capability and antimicrobial activity.
Therefore, the development of food packaging films
enriched with OEO presents a significant avenue
to enhance the antimicrobial efficacy of the packag-
ing material.

Polymeric food packaging films represent some
of the most widely utilised materials in safeguarding
food against microbial threats, boasting characteristics
such as flexibility, strength, stiffness, and impermeabil-
ity to both oxygen and moisture (Huang et al. 2019).
Chitosan (CS), a natural linear polymer, stands out due
to its biocompatibility, non-toxicity, and remarkable
film-forming capability (Shariatinia 2019). Polyvinyl
alcohol (PVA) is a synthetic polymer material suitable
for combining with other polymers to improve physi-
cal, thermal, and barrier properties (Wahyuningsih
et al. 2016). Currently, composite films combining
CS and PVA polymers have garnered significant atten-
tion in food packaging due to their excellent mechani-
cal and physical properties, along with good thermal
stability (Narasagoudr et al. 2020; Nwabor et al. 2020;
Terzioglu et al. 2021). Research has unveiled the com-
patibility of PVA and CS polymers, developing novel
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composites with superior attributes (Choo et al. 2016).
Interestingly, the acetylated groups of PVA chains
can be ionised and negatively charged, and the phe-
nolic hydroxyl groups of carvacrol can act as Lewis
electron acceptors, which can facilitate the binding
of PVA to the phenolic hydroxyl groups of carvacrol
and thus to binding to the polymer chains to form
Lewis adducts (Tampau et al. 2020). This specific in-
teraction of PVA with the phenolic hydroxyl groups
of carvacrol better loads OEO onto CS/PVA packaging
materials, which reduces the volatility of oregano oil
and improves its stability.

This study aimed to develop an edible composite film
incorporating OEO to enhance the antimicrobial ac-
tivity of food preservation packaging. Five evaluation
indicators for the composite film were examined, and
the analytic hierarchy process-coefficient of variation
(AHP-CV) method was employed to compute com-
posite weights for each evaluation criterion, facilitat-
ing the determination of a comprehensive score (OD).
Using response surface methodology (RSM), the opti-
mal formulation of the OEO composite film was deter-
mined, and its chemical and antimicrobial properties
were evaluated.

MATERIAL AND METHODS

Material

Chitosan (biological reagent) was purchased from Sin-
opharm Chemical Reagent, China. Alcohol (17-88 grade)
was obtained from McLean Biochemical Technology,
China. Tween-80 was sourced from Tianjin Fuchen
Chemical Reagent Factory, China. Analytically pure
glacial acetic acid, glycerin, 95% ethanol and anhydrous
ethanol were purchased from Xilong Science, China.
Oregano oil and carvacrol were purchased from Jiangxi
Xinsen Natural Vegetable Oil, China.

Film preparation
Reference to the preparation method of CS film,
with  slight modifications (Siripatrawan and

Harte 2010). A film-forming solution was prepared

Table 1. Grading criteria

by dissolving a specific amount of CS into a 1% ace-
tic acid solution. An appropriate quantity of PVA was
added to the solution, and the mixture was heated
to 85 °C in a water bath for 20 min. Glycerin was in-
corporated into the film-forming solution as a plasti-
ciser. After an additional 20 min, Tween-80 was added
to the solution. Once the temperature descended be-
low 60 °C, OEO was introduced and homogenised
at 10 000 rpm for 2 min using a laboratory digital dis-
play high-speed dispersing homogeniser (FJ300-SH;
Huxi, China). Subsequently, 10 mL of the OEO film-
forming solution was poured onto a clean glass plate
with dimensions of 15 x 5 cm. The glass plate was
oscillated to ensure uniform distribution of the film-
forming solution, and the film was dried at 60 °C for
80 min. Following drying, the film was meticulously
cut into the appropriate specifications and set aside
for later use.

Determination of quality evaluation of OEO com-
posite film

Formability. The formability of the composite films
underwent evaluation using five indicators: film-form-
ing property, colour uniformity, smoothness, bubble,
and flexibility. The assessment followed the scoring
criteria documented in Table 1. The maximum attain-
able score was set at 100 points, with each evaluation
indicator allocated a potential 20 points. After evaluat-
ing the composite films, the total scores for each com-
posite film were calculated.

Melting time. The melting time of the composite
film is defined as the duration between the film's im-
mersion and its complete dissolution. In this study,
we employed this parameter to assess the safety of the
composite film. Initially, a 1 000 mL beaker was filled
with distilled water at 37.5 °C. The prepared OEO film
was trimmed to dimensions of 3 x 3 cm, with both ends
firmly secured using two clamps to maintain a consist-
ent width of 3 cm between them. The upper part of one
clamp was affixed with a specialised tool, suspending
it at the centre of the beaker's mouth. The other clamp
was employed to simulate a controlled force. Under

Evaluation Film-forming property =~ Colour uniformity =~ Smoothness Bubble Flexibility
Excellent 16~20 16~20 16~20 16~20 16~20
Good 11~15 11~15 11~15 11~15 11~15
General 6~10 6~10 6~10 6~10 6~10
Poor 0~5 0~5 0~5 0~5 0~5
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experimental conditions, both clamps ensured the film
remained perpendicular to the water's surface, solely
influenced by gravity, and fully immersed in the liquid.
The timer started when the film was wholly immersed,
and the time taken for the film to dissolve entirely
in distilled water was recorded.

Tensile strength. The thickness of the film plays
a crucial role in determining the mechanical properties
in terms of the film's tensile strength. The film thick-
ness was measured by digital micrometre (DMO025;
As one, China) with an accuracy of 0.001 mm. Ten-
sile strength measurements were conducted using
an electronic stripping testing machine (BLD-200N;
Labthink, China). The prepared film was cut into
dimensions of 5 x 3 cm, with both ends securely af-
fixed to the machine, maintaining a width of 3 cm.
The parameters of the electronic stripping test-
ing machine were adjusted to achieve a tensile rate
of 100 mm-min~'. The test was initiated and continued
until the film reached its breaking point, at which the
reading, representing the tensile strength of the com-
posite film, was recorded.

Adhesion. The prepared composite film was cut into
3 x 3 cm dimensions and attached to the 8 mm high test
platform of the physical property analyser (TVT-6700;
Potong Ruihua, China), dripped with 10 mL of dis-
tilled water. Subsequently, the cylindrical probe
N672035 (Wilmad, USA) with a diameter of 35 mm
was moistened with 3 mL of distilled water and
used to conduct the adhesive force test on the film.
The test parameters were set as follows: pre-test speed
-1 test speed of 3 mm-s~!, post-test upward
speed of 10 mm:s~!, compression distance of 15 mm,
pressure at 1 000 Pa, trigger force at 50 mN, two cycles,
and a residence time of 0s. The adhesive force of the
film was quantified as the resistance encountered when
the cylindrical probe was pressed and lifted.

Content. Carvacrol, recognised as the principal
constituent of OEO, serves as a critical evaluation in-

of 5.0 mm-s
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dicator for OEO (Ju et al. 2019). The quantification
of carvacrol content in the OEO film was accomplished
through ultraviolet spectrophotometry. The film was
cut into 2 x 2 ¢cm dimensions and positioned within
a 10 mL beaker. Subsequently, 2.5 mL of distilled water
was introduced into the beaker, thoroughly stirred, and
then transferred to a 50 mL volumetric flask. Absolute
ethyl alcohol was incrementally added to the volumet-
ric flask, reaching the desired scale, after which the
volume was fixed, and the contents were thoroughly
mixed. The resulting filtrate was employed as the test
sample. Based on the ultraviolet absorption spectrum
of carvacrol in the supplementary data [see Electronic
Supplementary Material (ESM), Figures S1-S2, Ta-
bles S1-S4], A = 276 nm was chosen as the measuring
wavelength for the experiment. A standard curve for
the carvacrol solution was constructed, and the linear
regression equation for this standard curve was pro-
vided in the ESM. Employing 95% (v/v) ethanol as the
blank control, the absorbance at A = 276 nm was de-
termined, allowing the calculation of carvacrol content
using the linear regression equation.

Determination of weight and score of each indicator
Analytic hierarchy process (AHP). The AHP is a sub-
jective weighting method employed to assess the rela-
tive importance of two indicators based on subjective
judgments (Wang et al. 2018). Through establishing
ajudgment matrix, theweightofeachindicator canbede-
termined. In this study, we developed an AHP structure
model and utilised the 1-9 scale method to evaluate the
relative importance of the five indicators (Table 2) (Ishi-
zaka and Labib 2011). The weight coefficient results ob-
tained through AHP are presented in Table 3.
Coefficient of variation (CV). The CV serves
as an objective means to assess the outcomes of experi-
ments. It operates on the fundamental principle that
higher measured indicators within the evaluation sys-
tem signify a more substantial distinction among the

Table 2. Analytic hierarchy process grading criteria of each hierarchy

Scale Definition of importance

9 extremely important

7 strongly important

5 obviously important

3 slightly important

1 equally important

2,4,6,8 an intermediate score between adjacent importance

Reciprocal if the importance of Party A to Party B is 4, the importance of Party B to Party A is 1/a
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Table 3. Priority matrix and weight coefficients for evaluating five indicators

Indicators Content Melting time  Tensile strength ~ Adhesion Exterior Weight coefficient (%)

Content 1 2 4 5 7 42.82

Melting time 1/2 1 3 5 6 29.43

Tensile strength 1/4 1/3 1 3 4 14.23

Adhesion 1/5 1/5 1/3 1 5 9.53

Exterior 1/7 1/6 1/4 1/5 1 4.00

objects under evaluation (Liu et al. 2018a). The CV was W, R W_R, W, R,

calculated by Equation 1. OD = ( R — R ; * R - JX 100 % )
lmax 2mu7c Mypax

(1)

where: V, — CV for the it o; — standard deviation for
the i™; x, — mean for the i,

The equation for calculating weight can be expressed
as follows:

Y @)
V.

=1t

VVI.:

where: W, — weight of the CV.

The weight coefficients for content, melting time,
tensile strength, adhesion, and exterior calculated us-
ing the CV method described above are as follows:
14.95,7.67, 28.65, 46.47, and 2.26%, respectively.

Calculation of composite weights

The weights of the five composite indicators are cal-
culated by combining the two methods of AHP and CV.
The calculation method can be expressed as follows:

Wi xWy

W= (3)
Zizl\Vi xW,

where: W, — composite weight; W, — weight of CV;
W, — weight of AHP; the composite weights of content
(Wcl), melting time (W, ), tensile strength (Wc3)’ adhe-

2

sion (W, ), and exterior (W, ) were 37.10, 13.09, 23.63,

4 5

25.66, and 0.52%, respectively.

Comprehensive score

OD values are used to evaluate the overall level
of multiple evaluation indicators. The OD was calcu-
lated by Equation 4:

where: OD — comprehensive score; W, — composite
weight value calculated by each group; R, — response

value measured by each group; R, - maximum

max

measured value.

Characterisation of films

Fourier transform infrared (FTIR). The chemical
structure of films was conducted using the FTIR Spec-
trometer (Spectrum?2; PerkinElmer, USA). The sam-
ples were processed by the KBr-pellet method, and
the infrared spectral curves were collected at a step
of 4 cm™ in a period of 400 to 4 000 cm ™! wavenumbers.

Differential scanning calorimetry (DSC). The thermal
stability of the samples was examined using a differential
scanning calorimeter (Diamond DSC 4000; PerkinElm-
er, USA). Under a nitrogen atmosphere, the samples were
heated at 10 °C per minute from 30 to 400 °C.

Antimicrobial assay. Before commencing antimi-
crobial assessments, suspensions for each strain were
meticulously prepared. Detailed information on all
strains is presented in Table 4. The colonies of S. au-
reus, E. coli, S. dysenteriae, P. aeruginosa, and K. pneu-
moniae were inoculated into a liquid Luria-Bertani
(L-B) agar plate. At the same time, Candida albicans
were cultivated in liquid yeast extract peptone dex-
trose (YPD) agar plate. The strains of 50 pL were evenly
coated on the surface of the corresponding agar plate.
Subsequently, all agar plates were transferred to an in-
cubator and incubated for 24 h at 37 °C. Following this
incubation period, 100 puL of bacterial solution from
each agar plate was aseptically inoculated onto fresh
agar plates and cultured in the incubator for 24 h. In-
dividual bacterial colonies were meticulously collected
using sterile inoculating rings and subsequently cul-
tured in a suitable broth medium within the incubator
for an additional 24 h to yield bacterial suspensions for
subsequent experimentation.
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Strains

Medium

Strain number

Staphylococcus aureus
Escherichia coli

Shigella dysenteriae
Pseudomonas aeruginosa

Klebsiella pneumoniae

L-B agar plate
L-B agar plate
L-B agar plate
L-B agar plate
L-B agar plate

Candida albicans

YPD agar plate

ATCC25923
CMCC44103
CMCQ(B)51105
ATCC27853
CMCC(B)46117
ATCC10231

L-B — Luria-Bertani; YPD — yeast extract peptone dextrose

The antimicrobial efficacy of the OEO composite film
against tested strains was assessed using the disc dif-
fusion method (Azdcar et al. 2012). Initially, different
volumes of OEO were incorporated into the composite
films: a low volume (1 mL), a medium volume (3 mL),
and a high volume (5 mL). A blank film-forming solu-
tion devoid of OEO was employed as the control. Then,
50 pL of bacterial suspension was taken from the broth
medium of each strain and evenly coated on an L-B agar
plate and a YPD agar plate with a coating rod.
The OEO composite films, prepared in various amounts
as described earlier, were precisely cut into 6 mm diam-
eter circles using a hole punch. These OEO films were
attached to the surface of the agar plate using tweezers
and incubated at 37 °C for 24 h. Following the incuba-
tion period, we evaluated the antibacterial activity of the
composite films by measuring the diameter of the clear
zone (expressed in mm) surrounding each film.

Statistical analysis. Design Expert
(version 13.0) was used to design the RSM experi-
ments. The graph was plotted with the aid of Ori-
gin (version 2021). Analysis of variance (ANOVA)
was performed using SPSS software (version 26.0.)
Prescription validation and antimicrobial experiments
were repeated three times, and the results were ex-
pressed as 'mean + standard deviation' (mean + SD).

software

RESULTS AND DISCUSSION

Single-factor experiments

Using OD as the final evaluation indicator, we ex-
plored the impact of the amount of PVA, CS, glycerin,
and Tween-80 on various indicators of OEO compos-
ite films (Figure 1). PVA amounts were tested in the
1-6 g range, showing an increasing trend in OD. Ad-
hesion peaked at 4 g, crucial for food packaging films,
leading to its selection for the subsequent single-factor
experiment. For CS, amounts varied from 0.5 to 3 g,
with OD peaking at 0.5 g, but film-forming quality and
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efficiency were suboptimal. Thus, 2 g of CS was cho-
sen for the subsequent single-factor experiment. Glyc-
erin amounts (1-6 g) were explored, with OD reaching
its maximum at 2 g, prompting its selection for the
subsequent single-factor experiment. The impact
Tween-80 on OD was assessed with varying amounts
(1-6 g). In comparison, 4 g showed the maximum ef-
fect, potential toxicity beyond 3 g, and adverse effects
on film appearance at higher amounts. This led to the
selection of 1g as the central level for subsequent
RSM experiments.

Response surface analysis

The Box-Behnken design was used to optimise
the formulation. The composite weights of the five
indicators were calculated, and the OD (Y) of the
OEO composite film served as the final response value.
The Box-Behnken response surface design comprised
four factors, each with three levels (Table 5). The sec-
ond-order regression equation is as follows:

Y =7312 + 2.52A — 4.38B — 0.690C +
—2.69D + 4.94AB — 4.79AC + 6.37AD +

— 7.53BC + 4.36BD — 3.45CD — 3.00A% +
— 1.52B% — 0.8086C? — 3.64D*

where: Y — OD; A, B, C, and D — the coded values of the
chosen factors.

The experimental results of RSM are shown in Ta-
ble 6. The results indicated that the model was highly
significant (P < 0.01), and the lack of fit for the model
was not statistically significant (P > 0.05) (Table 7).
Among the four factors affecting the preparation
formula of OEO film, factors A and D and the inter-
action terms AB, AC, and BD significantly impacted
the OD (P < 0.05). Factor B and the interaction terms
AD and BC significantly influenced OD (P < 0.01).
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Figure 1. Effect of different amounts on the OD of composite film (A) PVA, (B) CS, (C) glycerin, and (D) Tween-80

OD - comprehensive score; PVA — polyvinyl alcohol; CS — chitosan

The fitting statistics showed that the difference be-
tween the corrected coefficient R* and the prediction
coefficient R? was less than 0.2, indicating their reason-
ability and consistency. Therefore, regression deter-
mination coefficients in Equation 5 were R? = 0.8706,
adjusted R* = 0.7411, and predicted R* = 0.5642, signi-
fying that the regression equation fits well with the ac-
tual experiments and could be employed to determine
the optimal preparation prescription.

The response surface diagrams were generated
to illustrate relationships between independent and
dependent variables (Figure 2). The optimum formula-
tion for the OEO composite film preparation was de-
termined: PVA 3.51g, CS 1.51 g, glycerin 1.97 g, and

Table 5. Factors and levels

Tween-80 0.51 g. Under these optimised conditions,
the predicted OD of the OEO composite film was cal-
culated at 83.91%. We conducted triplicate experiments
based on the optimum formulation to validate the
model's accuracy, comparing the experimental results
with the model's predictions. The experimental OD val-
ues were found to be 83.95 + 0.12%. Notably, the ex-
perimental OD closely aligned with the predicted value
of 83.91%, underscoring the reliability of our obtained
model and the accuracy of its predictive outcomes.

Characterisation analysis
FTIR. FTIR is an imperative tool to characterise and
determine the chemical structure and molecular in-

A B C D
Level
PVA (g) CS (g) glycerin (g) Tween-80 (g)
-1 3.50 1.50 1.50 0.50
0 4.00 2.00 2.00 1.00
1 4.50 2.50 2.50 1.50

PVA - polyvinyl alcohol; CS — chitosan
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Run A B < b OD (%)
PVA (g) CS (g) glycerin (g) Tween-80 (g)
1 4.00 2.00 2.50 1.50 62.48
2 3.50 2.00 2.00 0.50 75.55
3 4.50 2.00 2.50 1.00 67.09
4 4.00 2.00 1.50 1.50 68.72
5 4.00 1.50 1.50 1.00 69.51
6 4.00 2.00 2.00 1.00 70.31
7 3.50 2.00 1.50 1.00 60.93
8 4.00 2.00 1.50 0.50 68.13
9 4.00 2.00 2.00 1.00 81.51
10 4.00 1.50 2.50 1.00 83.65
11 4.50 2.00 2.00 0.50 64.68
12 3.50 2.00 2.50 1.00 66.63
13 4.00 2.00 2.50 0.50 75.68
14 4.00 1.50 2.00 0.50 78.75
15 4.50 1.50 2.00 1.00 67.90
16 4.00 2.00 2.00 1.00 73.64
17 3.50 1.50 2.00 1.00 74.58
18 4.00 2.00 2.00 1.00 68.24
19 4.50 2.00 1.50 1.00 80.53
20 3.50 2.50 2.00 1.00 59.59
21 4.00 2.50 2.00 1.50 64.85
22 4.00 2.00 2.00 1.00 71.89
23 4.00 2.50 2.50 1.00 57.86
24 4.00 2.50 2.00 0.50 59.55
25 4.50 2.50 2.00 1.00 72.67
26 4.50 2.00 2.00 1.50 71.02
27 4.00 1.50 2.00 1.50 66.59
28 4.00 2.50 1.50 1.00 73.86
29 3.50 2.00 2.00 1.50 56.40

PVA - polyvinyl alcohol; CS — chitosan; OD — comprehensive score

teractions of composite blends (Istiqgomah et al. 2022).
Figure 3 shows the FTIR spectra of CS, OEO/CS,
CS/PVA, and OEO/CS/PVA. The FTIR spectrum
of pure CS showed the characteristic broad absorp-
tion peak at 3 370 cm™, attributed to the presence
of -OH and -NH, groups within the polymer chain.
A weaker absorption band at 2889 cm™ corre-
sponded to stretching vibrations of C-H in alkane
groups. The 1692, 1583, and 1373 cm™ peaks
were ascribed to the amide I, II, and -CH, bend-
ing variation, respectively. The bands observed from
1070 to 1157 cm™ correspond to peaks indicative
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of the stretching vibrations of C-O bonds, charac-
teristic of the saccharide structure (Liu et al. 2018b;
Zheng et al. 2019). While observing the FTIR spectra
of the OEO/CS, it was noted that aside from the char-
acteristic absorption peak of CS, there was an addi-
tional absorption peak at 1206 cm™, corresponding
to the phenolic hydroxyl group in the primary con-
stituent of OEO (carvacrol). Absorption peaks ob-
served at 1385 and 1 370 cm™ were attributed to the
vibrational modes of the two methyl groups with-
in the isopropyl moiety of the carvacrol molecule.
Furthermore, it was observed that the characteristic
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Table 7. Analysis of variance

Source Sum of squares af Mean square F-value P-value
Model 1225.60 14 87.54 6.72 0.0005**
A 75.95 1 75.95 5.83 0.0300*
B 230.36 1 230.36 17.69 0.0009**
C 5.75 1 5.75 0.44 0.5171
D 86.87 1 86.87 6.67 0.0217*
AB 97.67 1 97.67 7.50 0.0160*
AC 91.60 1 91.60 7.04 0.0189*
AD 162.53 1 162.53 12.48 0.0033**
BC 227.11 1 227.11 17.45 0.0009**
BD 76.17 1 76.17 5.85 0.0298*
CD 47.54 1 47.54 3.65 0.0767
A? 58.20 1 58.20 4.47 0.0529
B? 15.03 1 15.03 1.15 0.3008
c? 4.23 1 4.23 0.33 0.5776
D? 86.08 1 86.08 6.61 0.0222*
Residual 182.26 14 13.02 - -
Lack of fit 78.32 10 7.83 0.30 0.9436
Pure error 103.94 4 25.98 - -
Corrected total 1407.86 28 - - -

*** Significant at 0.05 and 0.01 level, respectively; df — degree of freedom

absorption peak of CS is absent in the range from
1070 to 1157 cm™! when compared to spectrum A.
This phenomenon could be attributed to the interac-
tion of vibrational modes and hybridisation effects.
The combination of OEO and CS may result in the
formation of new vibrational modes or alterations
in the intensity and position of pre-existing vibrational
modes, leading to the blurring of the peak at this loca-
tion. In the CS/PVA film spectrum, the C-O stretching
vibrations of CS at 1 070 cm™ shifted to lower wave-
numbers. The absorption peak at this position also
indicates the presence of glycerin. Additionally, the
-OH stretching vibrations of CS at 3 370 cm ™! shifted
to 3308 cm™, indicating the occurrence of intermo-
lecular interactions between CS and PVA molecules.
These lower wave shifts implied increased interchain
hydrogen bonding between the CS carbonyl and
PVA hydroxyl groups (Wu et al. 2018). When com-
paring the spectrum of CS/PVA film to that of the
CS/PVA film containing OEQO, it was observed that
the FTIR spectra of OEO/CS/PVA film did not ex-
hibit any new peaks, and the characteristic absorption
peaks of both films were nearly identical. In general,
the addition of OEO does not impact the chemical

structure of the PVA/CS film, confirming the excellent
compatibility between OEO and the CS/PVA com-
posite film.

DSC. The DSC curves obtained for CS, OEO,
CS/PVA, and OEO/CS/PVA are shown in Figure 4.
CS exhibited an endothermic region within the
90 to 100 °C range and a distinct exothermic peak
between 300 and 350 °C, likely attributed to oxida-
tion or cross-linking reactions generating new com-
pounds during heat treatment. In the DSC curve
of OEO, notably sharp heat absorption peaks were
evident at 59 and 232 °C, signifying two phase tran-
sitions and associated heat absorption. From the
DSC curves of CS/PVA and OEO/CS/PVA, it can
be observed that the characteristic absorption peaks
and exothermic peaks of CS and OEO are primar-
ily absent, indicating that a cross-linking reaction
has occurred between CS and PVA, resulting in the
formation of new compounds. When OEO is incor-
porated into the CS/PVA film, the absorption peak
slightly shifts towards lower temperatures, which
may be related to the thermal degradation of the film
matrix (Lin et al. 2020). However, the transition tem-
perature width of CS/PVA films is closely aligned
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B: Chitosan (g)
3 3

D: Tween-80 (g)
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0.5 1.5
Figure 2. Response surface plots showing the interaction of various factors on OD
PVA - polyvinyl alcohol; OD — comprehensive score

ing, indicating no apparent physical or thermody-
namic phase changes, thereby confirming the high
compatibility between CS/PVA and OEO.

with that of the OEO composite films. The addition
of OEO does not significantly affect the exothermic
and endothermic properties of the film during heat-
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Figure 3. Fourier transform infrared spectra

A - CS; B—- OEO/CS; C — CS/PVA; D — OEO/CS/PVA;
CS — chitosan; OEO — oregano essential oil; PVA — polyvinyl alcohol
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Figure 4. Differential scanning calorimetry curve

a—CS; b - OEO; ¢ — OEO/CS; d — CS/PVA; e — OEO/CS/PVA;
CS — chitosan; OEO - oregano essential oil; PVA — polyvinyl alcohol
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Staphylococcus aureus

Pseudomonas aeruginosa

Klebsiella pneumoniae

Escherichia coli

Candida albicans

Figure 5. Inhibition zone of oregano essential oil composite films on 6 kinds of bacteria

Antimicrobial properties. 1t could be seen from
Figure 5 that the composite films supported on a disk
created a zone of inhibition in bacterial growth, im-
plying that both the blank composite films and the
composite films containing OEO exhibited antimi-
crobial activity. The blank composite films had lower
antimicrobial properties, which could be attributed
to the electrostatic interaction between the positive-
ly charged CS and the negatively charged microbial
cell membranes, thus exerting the antimicrobial ef-

Table 8. Inhibition zone diameter measured

fect (Ke et al. 2021). The results of antimicrobial ex-
periments indicated that the OEO composite film had
a significant inhibitory effect on all the tested food-
borne pathogens, and with the increase in OEO con-
tent, the OEO composite film strengthened the
inhibition of six strains (Table 8). In summary,
the addition of OEO expanded the range of antimi-
crobial zones, which confirmed that OEO improved
the antimicrobial properties of the composite pack-
aging films.

Inhibition zone diameter — OEO film (mm)

Strains

0 mL 1 mL 3mL 5mL
Staphylococcus aureus 9.11 + 0.38° 11.33 + 0.66° 16.89 £ 0.38¢ 23.78 + 0.39¢
Shigella dysenteriae 8.89 + 0.38° 11.11 + 0.38" 18.45 + 0.39° 23.78 + 0.77¢
Escherichia coli 9.11 £ 0.77¢ 9.78 £ 0.77° 19.33 £ 0.67¢ 23.55 + 0.39¢
Pseudomonas aeruginosa 8.00 £ 0.00* 9.78 + 0.77° 12.00 + 0.00¢ 16.89 + 1.02¢
Klebsiella pneumoniae 9.11 £ 0.38* 10.44 + 0.77° 17.11 + 1.02¢ 26.22 + 1.394
Candida albicans 9.11 + 1.02° 11.55 + 0.39" 34.67 +0.67¢ 37.11+0.77¢

a-d Different letters within the same row are statistically significant (P < 0.05); OEO — oregano essential oil
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CONCLUSION

This study successfully prepared an edible compos-
ite film incorporating OEO into CS/PVA, enhanc-
ing the antimicrobial performance of food packaging
films. Through the RSM, the optimal formulation
for the OEO edible film was determined: 1.51 g CS,
3.51g PVA, 1.97 g glycerin, and 0.51 g Tween-80.
The OD of the composite film prepared under the op-
timised conditions was 83.95 + 0.12%, close to the
predicted value (83.91%). The results showed that
CS and PVA exhibited favourable compatibility, and
incorporating OEO into the CS/PVA film enhanced
its antimicrobial activity. In conclusion, the present
work reflects that the OEO edible film is a promising
packaging material with excellent potential as a food
preservative product.
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