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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Xing Chen Pea protein isolate (PPI)-based active films were prepared by incorporating 0.5 %, 1.0 %, or 2.0 % of oregano
essential oil (OEO), either in the form of micro-emulsion (MOEO) or nano-emulsion (NOEO). The particle size
and polydispersity index of OEO droplets were 2755.00 nm and 0.63 for MOEO, and 256.30 nm and 0.20 for
NOEO. The surface and cross-sectional SEM results revealed the presence of holes and internal pores within the
film upon the addition of OEO. The molecular interaction between PPI and OEO was confirmed by FTIR. The
addition of OEO significantly increased film thickness, decreased water contact angle, and imparted a more
yellow color. At a low concentration (0.5 %), the addition of OEO significantly improved the water vapor barrier
and mechanical properties of the film. However, at higher concentrations, these film properties were signifi-
cantly weakened. Additionally, the film antimicrobial properties were assessed after OEO addition. In vitro in-
hibition zone results indicated that a 2.0 % addition of OEO significantly suppressed the growth of three
Salmonella strains [Salmonella Typhimurium (ATCC14028), Salmonella Infantis 94-1, and Salmonella Enteritidis
PT-30]. Application of pea protein-based film with 2.0 % OEO on chicken breast demonstrated significant
reduction in microbial count. Our results further showed that reducing the particle size of OEO from micrometer-
scale to nanometer-scale in the PPI film matrix did not significantly alter film properties or antimicrobial ac-
tivities. The study demonstrated that the antibacterial film based on pea protein and OEO is an innovative food
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packing material for prohibiting bacteria growth on poultry products.

1. Introduction

Pea protein, as one of the most abundant plant proteins, is widely
utilized in the food industry due to its high yield, cost-effectiveness, and
availability (Lu et al., 2020). Contrary to soy protein, pea protein is often
considered a low-risk allergen and remains free from genetic modifica-
tion (Lam et al., 2018). Consequently, the applications of pea protein in
the food industry have gathered substantial attention. In the field of
edible films, pea protein demonstrates its value with good film-forming
capability and excellent ultraviolet barrier properties (Ge et al., 2020),
and its mechanical and water-resistant properties have recently reported
to be improved by techniques such as ultrasound and high-pressure
homogenization (Cheng et al., 2022; Cheng and Cui, 2021). These en-
hancements are further expected to expand the utilization of pea
protein-based edible films in the food packaging industry.

Active packaging involves integrating antibacterial and antioxidant
agents into food packaging to impart the packaging with properties that
combat spoilage associated with bacterial growth and oxidation,
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thereby extending the shelf life of the packaged food (Chen et al., 2019).
Compared to conventional passive packaging, which primarily offers a
physical barrier between the product and its external environment,
active films are strategically designed to interact with the packaged
product or its surroundings, proactively modifying the packaging envi-
ronment (Yildirim et al., 2018). Essential oils (EOs), derived from plants,
are natural substances recognized for their potent antimicrobial and
antioxidant properties (Bhavaniramya et al., 2019). The essential oils
can be incorporated into biopolymer film-forming dispersions to pro-
duce antimicrobial packaging materials, effectively extending the shelf
life of food products (Hashim et al., 2024; Jouki et al., 2014a; Yang et al.,
2023).

The primary antibacterial component in OEO is carvacrol, which
possesses strong anti-inflammatory and antimicrobial properties, ac-
counting for 65 %-90 % of the total OEO composition (Bonfanti et al.,
2012; Hao et al., 2022). Although the antibacterial activity of oregano
essential oil (OEO) in edible films has been recognized by previous
studies (Otoni et al., 2014b; Zinoviadou et al., 2009), the effective
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antibacterial activity of OEO varies in different film matrices. For
example, in alginate film matrix, 1 % of OEO can inhibit the growth of
Salmonella (Benavides et al., 2012), while in quince seed mucilage film,
the concentration of OEO needs to be increased to 1.5 % for the inhib-
itory effect (Jouki et al., 2014b). However, when incorporating OEO into
polylactic acid film, even at an increased concentration of 5 %, there was
still no antibacterial effect against Salmonella (Llana-Ruiz-Cabello et al.,
2016). The discrepancy can be explained by the fact that the EO release
rate is related to the interactions between active agent in EO and film
components (Teixeira et al., 2014), highlighting that the antibacterial
activity of essential oils in edible films is a case-by-case study. Therefore,
it is necessary to determine the actual antibacterial activity of OEO after
the integration of OEO into pea protein films.

A common method for incorporating essential oils into active films or
coatings involves the creation of an emulsion solution, where they are
uniformly dispersed within the film-forming mixture (Zhang et al.,
2022). To enhance the mixing and retention of essential oils within the
film-forming dispersion, researchers have introduced the use of
nano-emulsion, which is defined as an emulsion in which the dispersed
phase forms droplets at the nanometer scale, typically in the range of
50-500 nm in diameter (Nor Bainun et al., 2015). Research has indi-
cated that nano-emulsions, due to their smaller particle size and larger
surface area, can enhance the ability of the active compound to migrate
from films and penetrate microbial cells (Otoni et al., 2014a). This
property has been reported to contribute to an improved antimicrobial
performance of essential oils within packaging films (Cai et al., 2020).
Nevertheless, some researchers argue that reducing the particle size of
essential oils to the nano-scale does not alter their antimicrobial activity
significantly, while the antimicrobial activity remains primarily deter-
mined by the effective active compounds present in the essential oils
(Buranasuksombat et al., 2011; Liao et al., 2021; Salvia-Trujillo et al.,
2015). This apparent paradox is unsurprising, given that the transition
from the packaging material to the manifestation of antimicrobial effects
on the food surface involves a complex and protracted process. The
realization of essential oils’ antimicrobial activity depends not only on
the properties of the essential oils themselves, but also on the migration
of active compounds from package to food, which can be influenced by
the interactions between antimicrobial agent and the polymer matrix
(Atarés and Chiralt, 2016; Avila-Sosa et al., 2012). This complex inter-
play plays a crucial role in determining the overall effectiveness of
essential oils in active packaging systems, and therefore can be different
in various combinations of essential oil-protein matrix.

Based on this background, this study specifically focused on oregano
essential oil (OEO) and its incorporation into the pea protein-based film
matrix in either micro-emulsion or nano-emulsion format. To the best of
our knowledge, no studies have incorporated essential oils into pea
protein-based films for enhanced antimicrobial properties. The aim of
this study was to investigate the influence of various concentrations and
particle sizes of OEO on the structure and properties of pea protein-
based films, including color, mechanical properties, water resistance,
and antimicrobial activities. Additionally, we evaluated the efficacy of
fabricated films in inhibiting the growth of bacteria on chicken breast.

2. Materials and methods
2.1. Materials

Yellow pea protein isolate (PPI) was purchased from Naked Nutrition
(Miami, FL, USA). The protein content was 90 %, the fat and carbohy-
drate content were 2 % and 7 %, respectively. Pure oregano essential oil
(OEO) was purchased from Silky Scents, LLC. (Corona, CA, USA).
Glycerol (>99 %) was purchased from Sigma (St. Louis, MO, USA). The
bacterial strains of Salmonella Typhimurium (ATCC 14028), Salmonella
Infantis 94-1, Salmonella Enteritidis PT-30 were obtained from the FSU
food microbiology laboratory culture collection (Tallahassee, FL, USA).
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2.2. Preparation and characterization of OEO emulsions

The micro-emulsion (MOEO) was prepared by adding PPI (2 %, w/w)
to deionized water and stirring for 4 h, followed by addition of OEO (10
%, w/w) and another 1 h of stirring. The solution containing the oil and
aqueous phases was then mixed using a high-speed homogenizer (IKA
T25 digital ultra-turrax, Staufen, Germany) at 13,000 rpm for 3 min. To
obtain nano-emulsion (NOEO), the micro-emulsion was processed with
high pressure at the level of 30,000 psi with 3 passes using a high-
pressure homogenizer (Nano DeBEE high pressure homogenizer, BEE
International, USA). A heat exchanger with a flow of cold water was
employed to minimize the temperature increase during homogenization.
The emulsions were freshly prepared for the following preparation of
film-forming dispersions. The average droplet size (z-average), poly-
dispersity index (PDI) of the emulsions were determined using a Zeta-
sizer (Nano ZS90, Malvern Instruments, UK) according to Cui et al.
(2019) with some modifications. Before the measurements, the samples
were diluted at a 1:125 ratio to minimize the multiple scattering effect.
All measurements were conducted at 25 °C.

2.3. Preparation and characterization of PPI-based active films

2.3.1. Film preparation

The method was referenced in a previous study with some modifi-
cations (Choi and Han, 2001). The films were prepared by firstly dis-
solving appropriate amount of PPI (the PPI concentration in the final
film-forming dispersion is 7.5 wt%) in deionized water and stirred for
4 h. Subsequently, various amounts of MOEO or NOEO emulsions were
added to the film-forming dispersion, resulting in final OEO contents of
0.5 %, 1.0 %, and 2.0 % (w/w) of film-forming dispersions. Then glyc-
erol was added at a 50 % mass ratio to the protein and stirred for 30 min.
After degassing, 8 mL of the prepared dispersions were poured onto a
Petri dish with a diameter of 10 cm, followed by drying for 24 h at 25 °C.
The above samples were labeled as 0.5 % MOEO, 1.0 % MOEO, 2.0 %
MOEQO, 0.5 % NOEO, 1.0 % NOEO, 2.0 % NOEO, respectively, and PPI
film without OEO was prepared as control. We did not study higher OEO
concentration because it would completely disrupt the film structure,
preventing the formation of an intact film. In the final film-forming
dispersion, the total PPI content from both the PPI dispersed in water
and the PPI used as an emulsifier in the emulsions was 7.5 wt%. After
drying, the films were peeled off and conditioned to 55 % relative hu-
midity at 25 °C for 3 days.

2.3.2. Film thickness

Film thickness was determined using a manual digital micrometer
with an accuracy of 0.01 mm. Measurements were taken at 5 randomly
selected points. The acquired values were subsequently utilized in the
calculations of water vapor permeability (WVP) and mechanical
properties.

2.3.3. Scanning electron microscopy (SEM)

The method was based on a previous study with several modifica-
tions (Ghamari et al., 2022). Surface and cross-sectional analysis of the
films were conducted using a field emission scanning electron micro-
scope (JSM-IT800, JEOL Ltd., Japan) to assess their microstructure and
morphology. For this purpose, film samples were fractured manually
using liquid nitrogen to create cross-sections. These prepared films were
then mounted on a holder and coated with uranium using a Cressington
Carbon Coater (Cressington Scientific Instruments Ltd., Watford, UK).
The accelerating voltage applied was set at 5.0 kV. The surface and
cross-section photographs were taken at 100 x and 1000x magnifica-
tions, respectively.

2.3.4. Fourier transform infrared spectroscopy (FTIR)
The infrared spectra of the films were recorded using a FTIR-ATR
(JASCO 6800, JASCO, Japan) with a 4 cm™~! resolution in the range of
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4000-400 cm ! (Ghadetaj et al., 2018). Prior to scanning each sample,
background data was collected. The final spectra were the result of noise
elimination, baseline correction, and smoothing processing.

2.3.5. Moisture content (MC) and total soluble matter (TSM)

The MC and TSM were measured according to the method described
by Munoz et al. (2012). Concisely, the film was first cut into pieces, with
each piece carefully weighed, and then was placed in an oven at 105 °C
for 24 h. Afterward, the samples were re-weighed, and the MC was
calculated based on the percentage of weight loss. To measure TSM,
dried film pieces were immersed in 30 mL of deionized water at 25 °C for
24 h. Afterward, undissolved film pieces were filtered using
pre-weighed, desiccated filter paper, dried for 24 h at 105 °C, and
weighed to determine the weight of insoluble dry matter. TSM was
defined as the percentage of soluble dry matter relative to the initial dry
matter weight.

2.3.6. Water vapor permeability (WVP)

The water vapor permeability (WVP) was determined in accordance
with ASTM Standard Test Method (ASTM, 1995). Each 2 cm x 2 cm film
was sealed on top of a glass vial previously filled with silica gel. These
vials were then positioned in a chamber preconditioned with deionized
water and weighed at 12-h intervals for 2 days. WVP was calculated as:

wyr = Am
TAtxXA
WVT x 1
WVP = X

where WVT is water vapor transmission rate (g/h m?); Am/Atis the slope
of linear regression equation of weight gains (g) as a function of time (h);
A is the area of film exposed to the environment (mz); lis the thickness of
films (mm); Ap is the partial vapor pressure difference across the two
sides of the film (2.895 kPa).

2.3.7. Water contact angle (WCA)

The WCA values were determined using a sessile drop method,
employing a drop shape analyzer (DSA25, Kruss, Germany). A 3 pL
droplet of deionized water was deposited onto the film surface at 25 °C,
and its image was captured. Subsequently, the WCA was calculated
using KRUSS ADVANCE software (Kruss, Germany).

2.3.8. Tensile strength (TS) and elongation at break (EAB)

The method used to measure TS and EAB was adopted from a prior
study (Cheng et al., 2023). A film strip (20 mm x 60 mm) was vertically
secured to the TA. XTplus texture analyzer (Stable Micro System Ltd.,
Godalming, UK) using two grips initially spaced 20 mm apart. It was
then stretched at a force rate of 2 mm/s. TS was determined by dividing
the peak load by the cross-sectional area of the film strip (film thickness
x 20 mm). EAB was defined as the ratio of the maximum elongation
distance (mm) to the initial distance (20 mm).

2.3.9. Color

The color of the films was evaluated using a colorimeter (LabScan
XE, HunterLab, Reston, VA, USA) and expressed in terms of L (darkness/
whiteness), a (greenness/redness), and b (blueness/yellowness) values.
Measurements were collected from five different locations on each film.

2.3.10. In vitro antimicrobial activity

The antimicrobial properties of PPI-based active films were assessed
using the agar diffusion method, with a focus on their inhibitory effects
against Salmonella strains, including Salmonella Typhimurium
(ATCC14028), Salmonella Infantis 94-1, and Salmonella Enteritidis PT-
30. The antimicrobial properties were evaluated as previously
described by Benavides et al. (2012) and Hudzicki (2009). In brief, the
microorganisms were cultured by incubating them in tubes containing
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10 mL of tryptic-soy broth (TSB, Hardy Diagnostics, Santa Maris, CA,
USA) for 24 h at 37 °C. To obtain isolated colonies, the over-night cul-
ture was streaked onto a plate count agar (PCA, BD Difco, Franklin
Lakes, NJ, USA) plate and incubated at 37 °C for 24 h. Subsequently, a
single isolated colony was selected and diluted with 0.85 % saline so-
lution until 0.5 of McFarland turbidity was achieved, resulting in an
inoculum containing approximately 1.5 x 108 CFU/mL of bacteria. To
measure the inhibition zones, Mueller-Hinton agar (MHA, Hardy Di-
agnostics, Santa Maria, CA, USA) plates were spread-plated with 100 pL
of the inoculum and then 15 mm film discs were placed on inoculated
plates, which were incubated at 37 °C for 24 h. The diameter of the
obtained inhibition zones around the discs was measured. These mea-
surements were performed in duplicate for each film.

2.4. Application to chicken breast

2.4.1. Chicken sample preparation

The preparation of the chicken sample followed a previous method
with some modifications (Yildirim-Yalcin et al., 2021). Fresh chicken
breast was procured from a local market (Publix, Tallahassee, USA) and
cut into 3 x 3 x 1 cm® samples with each sample weighing approxi-
mately 10 g. These samples were then coated with each film-forming
dispersion and subsequently wrapped by the respective treated film.
Chicken samples without packaging were used as control and the sam-
ples packaged using plastic films (cling wrap, PVC) were also prepared
for comparison purpose. Specifically, each chicken sample was
immersed in 300 mL of the respective film-forming dispersion for 3 min
and subsequently allowed to drain for 10 min (the control group and
plastic group were treated with cold deionized water to compensate for
possible physical removal of bacteria and for moisture uptake). After-
ward, the chicken samples were individually wrapped by the corre-
sponding film, placed in a sterile sample bag, and then stored at 4 °C for
10 days. Aerobic plate count was conducted at 2-day intervals during
storage.

2.4.2. Aerobic plate count (APC)

The measurement of APC of chicken breast was performed as pre-
viously described by Hematizad et al. (2021) with some modifications.
Briefly, Chicken breast samples weighing 10 g were transferred under
sterile conditions into individual stomacher bag (Nasco, WI, USA). Each
bag contained 90 ml of 0.1 % (w/v) sterile peptone water. The samples
were then homogenized for 120 s using a stomacher at 260 rpm. For
each sample, appropriate serial decimal dilutions were prepared using
0.1 % peptone water. To determine the APC, 100 pL of the serial di-
lutions of chicken homogenates were spread onto the surface of PCA.
The agar plates were then incubated at 30 °C for 48 h (Gravity Con-
vection Incubator, VWR, USA). After the incubation period, the colonies
that grew on the agar plates were counted, and the total mesophilic
aerobic bacteria was determined.

2.5. Statistical analyses

All experiments were conducted in triplicate, and the results were
reported as mean =+ standard deviation (SD). Statistical significance (p
< 0.05) was determined using Duncan’s multiple comparison test with
SPSS version 25.0 (SPSS Inc., Chicago, IL, USA).

3. Results and discussion
3.1. Partial size and PDI of OEO emulsions

It is essential to confirm the successful production of the nano-
emulsion before assessing its impact on the properties of the PPI film.
In this study, we broke down the OEO droplets into nano-scale in the
emulsions by using high-pressure homogenization, which created
disruptive forces including turbulence and cavitation. The particle size
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distribution, average particle size, and polydispersity index (PDI) ob-
tained for OEO droplets in micro-emulsion (MOEQ) and nano-emulsion
(NOEOQ) are shown in Fig. 1. As expected, the particle size of the MOEO
was at the micrometer level (Z-average: 2755.00 nm) and following
high-pressure treatment its particle size was markedly decreased to the
nanometer level (Z-average: 256.30 nm). Additionally, the PDI value for
NOEO was 0.20, which is significantly lower than the 0.63 value for
MOEQO, indicating a narrow particle size distribution range. Similarly,
Cai et al. (2020) reported that, with high pressure homogenization
treatment at 50 MPa for 5 passes, the Z-average and PDI of ginger
essential oil emulsion decreased significantly from 799.53 nm to
0.316-114.71 nm and 0.251, respectively. The reduction in particle size
and PDI values of emulsions is a consequence of the intense stress, tur-
bulence, and cavitation induced by high pressure (Donsi and Ferrari,
2016). These results suggested that the OEO droplets were broken down
during the high-pressure process, resulting in a more uniform
nano-emulsion with smaller particles.

3.2. Characterization of the PPI-based active films

3.2.1. Film thickness

As shown in Table 1, the average thickness of the PPI film was 0.16
4 0.01 mm. Low concentrations of OEO (0.5 % and 1.0 %) addition did
not significantly alter the film thickness. However, at an OEO concen-
tration of 2.0 %, a noticeable increase in film thickness was observed.
Furthermore, there were no significant differences (p > 0.05) in thick-
ness between MOEO and NOEO films with the same concentrations.

3.2.2. Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) micrograph provides a
direct view of the microstructure of films, which is useful as the film
structure is closely related to film properties, including WVP and me-
chanical properties. To better observe structural changes after adding
OEO, SEM analysis was conducted on the films with the maximum OEO
addition (2.0 %), as shown in Fig. 2. The surface of the PPI film was
homogeneous with a rough texture and without any holes, indicating the
integrity of the pure PPI film structure (Fig. 2a). After the addition of 2.0
% MOEO, the film surface displayed numerous holes, which could be
due to oil droplets, indicating the successful addition of OEO (Fig. 2b).
Similar results were observed in other studies (Zhang et al., 2021; Zhao
et al., 2022). Additionally, the holes on the 2.0 % NOEO film were
smaller than those on the 2.0 % MOEO film surface, confirming that the

50 4
— Micro-emulsion (MOEQO)
Nano-emulsion (NOEQO)

40

30 Z-average = 2755.00 = 272.23 nm
5 PDI = 0.63 + 0.04
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Fig. 1. Particle size distribution, particle size, and polydispersity index (PDI) of
oregano essential oil (OEO) micro-emulsion (MOEO) and
emulsion (NOEO).

nano-
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Table 1

The thickness, moisture content (MC), total soluble matter (TSM), water vapor
permeability (WVP), and water contact angle (WCA) of pea protein-based active
films containing micro- (MOEO) or nano- (NOEO) oregano essential oil.

Film Thickness Moisture Total WVP (g Water
samples (mm) content (%)  soluble mm h™? contact
matter (%) m 2 angle (°)
kpa™)
PPI 0.16 + 26.50 + 31.19 + 1.65 + 57.94 +
0.01° 1.01%° 2.18° 0.00° 9.17¢
0.5 % 0.16 + 24.97 + 29.52 + 1.58 & 51.12 &
MOEO  0.00%° 2.43% 4.71° 0.06*° 2.89°
0.5 % 0.15 + 27.58 + 33.86 + 1.48 + 51.57 +
NOEO  0.01° 0.95° 0.65° 0.06* 4.49>
1.0% 0.17 + 25.35 + 30.22 + 1.75 + 49.26 +
MOEO  0.01% 3.19% 3.72° 0.11¢ 4,04°
1.0 % 0.16 + 24.80 + 32.01 + 1.54 + 52.11 +
NOEO  0.00°" 2.90°° 5.72° 0.00%° 7.31%
2.0 % 0.19 + 21.89 + 30.06 + 1.95 + 42.64 +
MOEO  0.02° 3.37° 2.53° 0.00¢ 9.09°
2.0% 0.18 + 26.80 + 31.67 + 1.77 + 47.35 +
NOEO  0.01° 1.97° 2.57° 0.07¢ 3.62%°

Different letters within the same column are significantly different (p < 0.05).

addition of nano-emulsion indeed reduced the size of OEO droplets
distributed within the protein matrix (Fig. 2b and c). As for the
cross-section, the PPI film exhibited a structure resembling a brick wall,
with layers stacked on top of each other (Fig. 2 A). However, when
MOEO was added to the film matrix, noticeable pores appeared within
the film (see the blue arrows in Fig. 2 B), while some of the pores
decreased in size when NOEO was incorporated (the blue arrows in
Fig. 2 C). This is consistent with previous findings by Otoni et al.
(2014b), who observed smaller oil droplets within the
methylcellulose-based film when the size of the essential oil emulsion
was reduced. Overall, both the surface holes and cross-sectional pores
indicated that OEO was distributed within the film matrix in varying
particle sizes.

3.2.3. FTIR

FTIR analysis was carried out to determine the potential interactions
between PPI and OEO in the format of either micro-emulsion or nano-
emulsion. The spectra of film samples from 4000 cm™! to 400 cm™!
are shown in Fig. 3. The wavenumbers ranging from 3750 cm ™! to 3000
cm~! are associated with the stretching vibration of O-H and N-H
(Yilmaz et al., 2020). The intensity of the peak in this range increased
significantly following the addition of OEO, pointing to a notable rise in
the number of free N-H or O-H groups. In this study, this observed
enhancement could be attributed to the presence of phenolic groups
inherent in OEO. Another peak was observed between 3000 cm™! and
2750 cm ™! and related to C-H stretching vibrations of -CH; (Arfat et al.,
2014). The higher amplitudes of these peaks after the addition of OEO
could be attributed to the symmetrical stretching of methylene hydro-
carbons present in OEO incorporated into the film matrix (Arfat et al.,
2014). In addition, characteristic peaks corresponding to amide I (1641
crn_l), amide IT (1535 cm_l), and amide III (1260 em~!and 1226 cm‘l)
were observed in all PPI-based films. The intensity of these peaks
gradually increased with the addition of OO, and the 1260 cm™! peak
exhibited a shift to 1226 cm™!, indicating the presence of interaction
between PPI and OEO molecules. The peak at 1406 cm ' may be
correlated with symmetric stretching of the carboxylate group (Almasi
etal., 2021), while the peak at 1041 cm ™! was attributed to the existence
of glycerol and its interaction with protein molecules (Yilmaz et al.,
2020). Overall, the addition of OEO into the film matrix impacted on the
interactions among OEO, protein, and glycerol molecules, as evidenced
by the altered spectral profiles.

3.2.4. Moisture content (MC) and total soluble matter (TSM)
MC (moisture content) and TSM (total soluble matter) of the films are
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Fig. 2. The SEM images of the surface (100 x ) (lowercase letters) and cross section (1000 x ) (uppercase letters) of pea protein-based active films containing micro-
(MOEO) or nano- (NOEO) oregano essential oil. a/A: PPI film; b/B: 2.0 % MOEO film; ¢/C: 2.0 % NOEO film.
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Fig. 3. The FTIR spectra of pea protein-based active films containing micro-
(MOEO) or nano- (NOEO) oregano essential oil.

shown in Table 1. For the pure PPI film, the MC and TSM were 26.50 %
and 31.19 %, respectively. These results align with those of a previous
study, which reported that the MC and TSM of PPI film fall within the
range of 20.62-27.51 % and 24.95-29.75 %, respectively (Gao et al.,
2023). Furthermore, it was found that the inclusion of OEO did not
induce significant changes in the MC and TSM of the PPI film. A
consistent finding was reported by Zhang et al. (2021) who incorporated
thyme essential oil emulsion into gellan gum-chitosan film. However,
some studies suggest that adding essential oils can lead to a decrease in
the MC and TSM of the film, which may be attributed to the hydrophobic
nature of essential oils (Hasheminya and Dehghannya, 2021; Yu et al.,

2022). In fact, MC and TSM are primarily influenced by the hygroscopic
properties of the film (Rumondor and Taylor, 2010). When the amount
of essential oil added is insufficient to influence the hygroscopicity of the
film matrix, the solubility and moisture content of the film may not
undergo significant changes. This could be one of the possible reasons
for the nonsignificant changes in MC and TSM in our study.

3.2.5. Water vapor permeability (WVP)

Packaging film is crucial for protecting food from the moisture in the
environment, and water vapor permeability (WVP) is a key measure to
evaluate the film’s effectiveness as a water barrier at a given tempera-
ture (Long et al., 2023). The WVP values are presented in Table 1.
Compared to the PPI film, the addition of OEO to the film matrix at a
concentration of 0.5 % resulted in a decrease in WVP. This reduction was
observed in both MOEO and NOEO films. However, as the concentration
of OEO increased, the WVP values of the films also increased, reaching
their highest level at the 2.0 % OEO concentration. The addition of
essential oils in edible films can have different effects on the WVP of the
films. On one hand, essential oils can slow down the moisture penetra-
tion rate by increasing the tortuosity of the pathway (Haghighatpanah
etal., 2022). On the other hand, essential oils can cause phase separation
within the film matrix, resulting in the enlargement of pore sizes in the
film, and thereby increasing the diffusion of gases or vapors (Cai and
Wang, 2021; Zhang et al., 2021). In our samples, the addition of 0.5 %
OEO could have increased the tortuosity of water molecule permeation
within the intact film structure; however, an increased amount of OEO
led to higher extent of phase separation within the film that facilitated
the passage of water molecules, resulting in higher WVP values. More-
over, we observed that when the concentration of OEO exceeded 1.0 %,
the WVP of NOEO film was significantly lower than that of MOEO film,
indicating superior water vapor barrier property. This result is not sur-
prising due to the smaller and more uniform dispersion of oil droplets in
NOEO, they lessened the above-mentioned, exacerbated effects of
incorporating oil droplets on the passage of moisture.

3.2.6. Water contact angle (WCA)
Water contact angle (WCA) is used to assess the wettability or
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hydrophobicity of a solid surface (Zhao and Jiang, 2018). A surface is
considered hydrophilic if the WCA value is less than 90° and hydro-
phobic with WCA value being greater than 90°. Table 1 shows the WCA
of various PPI-based films. The WCA of pure PPI film was 57.94°,
indicating a hydrophilic surface due to pea protein’s hydrophilic prop-
erties. The addition of OEO to the PPI film resulted in a reduction in
WCA, and this decreasing trend persisted even when using
nano-emulsion. This is because the addition of hydrophobic compounds
altered the hydrophobic interactions among protein molecules in the
film-forming dispersion in a way that projects polar molecules to
distribute onto the surface of the film, and thus leading to an increase in
surface hydrophilicity (Munhuweyi et al., 2017). It should be noted that,
contrary to the above explanation, the hydrophobic nature of essential
oil may be able to increase the surface hydrophobicity of the film, as
reported in other studies (Hasheminya and Dehghannya, 2021; Li et al.,
2020). Additionally, the addition of essential oil noticeably alters the
roughness of the film’s surface (supported by the SEM results), which
also affects the surface’s hydrophilic-hydrophobic characteristics
(Bikerman, 1950). In our study, the reduction in film surface hydro-
phobicity that was observed in PPI-OEO system may be the cumulative
result of the combined effects of those factors.

3.2.7. Mechanical properties

The influence of various additions of OEO, whether in the form of
micro-emulsion or nano-emulsion, on the tensile strength (TS) and
elongation at break (EAB) of PPI films is detailed in Table 2. The TS and
EAB values for PPI film were 0.92 MPa and 75.64 %, respectively. The
addition of different concentrations of OEO resulted in a slight decrease
in TS, reaching a minimum of 0.63 MPa for the film added with 1.0 %
MOEQO. The addition of OEO significantly reduced the EAB values, and
with an increase in oil concentration, the EAB values further decreased,
reaching a minimum of 39.44 %. These findings are consistent with
previous studies, which indicated that the addition of essential oils re-
duces the TS and EAB of the films (Ghadetaj et al., 2018; Sogut, 2020;
Zhang et al., 2021). Ghadetaj et al. (2018) attributed the reduction to the
hydrophobic nature of essential oils weakening the intermolecular in-
teractions among the film’s polymers, disrupting the film’s structure,
and subsequently decreasing its mechanical properties. Nevertheless, an
exception was noticed in our samples: the EAB value of the 0.5 % NOEO
film surpassed both the 0.5 % MOEO film and the PPI film although this
difference disappeared as the concentration increased. This initial in-
crease in EAB could be due to the plasticizing effect of OEO at lower
concentration, likely enhanced by a reduction in droplet size (Otoni
et al., 2014b). At higher OEO concentrations, the plasticizing effect
couldn’t counteract the structural disruption caused by OEO in the PPI
film, resulting in reduced mechanical resistance.

3.2.8. Color

The color of packaging materials can significantly impact consumer
preferences. In Table 3, the influence of OEO addition on the color of PPI
films is presented. Color characteristics are represented by L, a, and b
values. The incorporation of OEO led to a decrease in L value and an
increase in b value of the PPI film, with this trend becoming more

Table 2
The tensile strength (TS) and elongation at break (EAB) of pea protein-based
active films containing micro- (MOEO) or nano- (NOEO) oregano essential oil.

Film samples Tensile strength (MPa) Elongation at break (%)

PPI 0.92 + 0.16" 75.64 + 1.85°
0.5 % MOEO 0.84 + 0.10% 60.04 + 1.70°
0.5 % NOEO 1.05 + 0.10° 95.81 + 11.16¢
1.0 % MOEO 0.63 + 0.12* 39.44 + 5.02°
1.0 % NOEO 0.67 + 0.05% 42.67 + 2.49°
2.0 % MOEO 0.70 + 0.15% 42.00 + 10.29°
2.0 % NOEO 0.84 + 0.20° 48.48 + 5.55°
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Table 3
The color of pea protein-based active films containing micro- (MOEO) or nano-
(NOEO) oregano essential oil.

Film samples L a b

PPI 84.32 + 0.72° —0.42 + 0.40%° 17.96 + 1.73%®
0.5 % MOEO 83.91 =+ 0.45™ ~0.19 + 0.26 18.79 + 0.24%%°
0.5 % NOEO 85.21 + 0.58¢ ~0.90 + 0.13° 16.42 + 2.09°
1.0 % MOEO 82.86 + 0.73%" 0.07 + 0.52% 21.14 + 0.75%
1.0 % NOEO 81.77 + 0.92° 0.59 + 0.10° 20.55 + 0.75¢
2.0 % MOEO 82.38 + 1.59° 0.42 + 1.34° 23.24 + 3.26¢
2.0 % NOEO 81.46 + 1.23° 0.29 + 0.66" 22.66 + 1.46¢

Different letters within the same column are significantly different (p < 0.05).

pronounced as the concentration of OEO increased. Similar results have
been reported by previous studies, who incorporated OEO into alginate
films and quince seed mucilage films (Benavides et al., 2012; Jouki et al.,
2014b). The obvious change in color is attributed to the inherent yellow
color of OEO.

3.2.9. Antimicrobial activity

Salmonella is a prevalent pathogenic bacterium commonly present in
chicken (Hai et al., 2020). To assess the antimicrobial properties of
PPI-based films containing OEO and to determine potential differences
in the antibacterial effects between MOEO and NOEO films, the in vitro
antibacterial efficacy of the films was tested against three Salmonella
strains by measuring inhibition zones. Only data from films containing
2.0 % MOEO and NOEO are shown in Table 4 since no inhibition zones
were observed at OEO concentrations of 0.5 % and 1.0 %. Moreover, 2.0
% was identified as the preferable concentration, enabling the film to
maintain both packaging properties and antibacterial activity. As
shown, the PPI film without OEO did not exhibit any inhibition zones,
whereas the 2.0 % MOEO and 2.0 % NOEO films demonstrated strong
antibacterial activity against all three Salmonella strains, with inhibition
zone diameters ranging from 23.00 to 27.80 mm. Additionally, there
was no significant difference in the size of the inhibition zones between
MOEO and NOEO films against the same strain of Salmonella. This
indicated that the addition of OEO indeed imparts antibacterial prop-
erties to the PPI film. Furthermore, compared to the micro-scale drop-
lets, OEO distributed at a smaller nano-scale level within the film did not
significantly enhance its antibacterial efficacy against Salmonella.
Instead, the concentration of OEO appeared to be the critical factor
determining its antibacterial effects.

Many studies suggested that reducing the droplet size of essential oil
significantly increased its antimicrobial effectiveness (Ghadetaj et al.,
2018; Liu et al., 2022). This is because the reduction in droplet size
increases the surface area available for essential oil to interact with
bacterial cell membranes, leading to greater disruption of the mem-
brane’s permeability that ultimately results in cell apoptosis (Zhang
et al., 2021). However, some other studies, similar to our findings here,
reported the opposite. For example, Liao et al. (2021) and Bur-
anasuksombat et al. (2011) found that the size of oil droplets did not
significantly change the antibacterial properties of
trans-cinnamaldehyde and lemon myrtle oil emulsions, respectively.
They noted that reducing droplet size does not necessarily enhance the
antibacterial effectiveness of essential oil emulsions. Our data also

Table 4
Antimicrobial activity of pea protein-based active films containing micro-
(MOEO) or nano- (NOEO) oregano essential oil.

Film samples Inhibition zone (mm)

S. Typhimurium S. Infantis S. Enteritidis
PPI ND ND ND
2.0 % MOEO 27.80 + 2.55% 26.80 + 1.41% 27.00 + 0.57%
2.0 % NOEO 25.10 + 0.42° 24.80 +1.13° 23.00 + 2.267

Different letters within the same column are significantly different (p < 0.05).

Different letters within the same column are significantly different (p < 0.05).
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supports this argument as the antimicrobial activity of essential oils
depends on the overall interactions between oil and film matrix, and
thus the effect of oil droplet size on the antimicrobial activity is on a
case-by-case basis. This also highlights the importance of the current
study in illustrating the antimicrobial activity of OEO when it is incor-
porated in pea protein film matrix. In addition, our results indicated that
adding OEO to the PPI film matrix may not necessarily require the
preparation of OEO nano-emulsions; satisfactory antimicrobial effects
can be achieved with micron-sized emulsions.

3.3. Microbiological analysis of chicken breast

Chicken breast was utilized as a model food system to evaluate the
antimicrobial activity of PPI-based films containing OEO. The aerobic
plate count (APC) of chicken breast samples stored at 4 °C for 10 days
was measured (Fig. 4). The fresh chicken breast had an APC load of
approximately 2.00 Log CFU/g on the initial day. As the storage time
extended, the APC values increased gradually in all groups, but the
growth rates varied. Among them, the control group, which refers to
chicken breast stored without any treatment, exhibited the fastest mi-
crobial growth. Compared to the control group, chicken breast packaged
by plastic films did not slow down the microbial growth rate. In contrast,
the chicken samples treated with PPI film without any OEO exhibited a
significant inhibition of microbial growth in the first two days of storage,
as evidenced by notably lower APC value. This effect may be attributed
to the natural antimicrobial substances present in pea protein (Saad
et al., 2017). However, as the storage time extended, by day 6, there
were no significant differences in APC values among above mentioned 3
groups (control, plastic film, and PPI film groups), and all groups
exceeded 7.80 Log CFU/g, surpassing the acceptable limit (7.00 Log
CFU/g). When examining chicken samples coated and packaged by
PPI-based active films, their APC values increased with storage time but
remained significantly lower than those of the control, plastic film, and
PPI film groups. Specifically, on day 4, the addition of 1.0 % COEO and
2.0 % COEO could significantly reduce the APC values of chicken breast
by 17.89 % and 33.28 %, respectively, compared to the control. After
day 4, the APC values of the treatment groups with OEO addition
consistently remained lower than those of the treatment groups without
OEO addition. These results indicated that incorporating OEO into PPI
films indeed suppressed microbial growth in chicken breast. Similarly,
Karimnezhad et al. (2019) reported a significant decrease in APC values
of chicken breast with the addition of OEO to chitosan film. However,
the antibacterial activity of OEO differs in these two studies. In their
research, the addition of 1.0 % OEO to chitosan film reduced the APC
value to 4.23 Log CFU/g on day 6. In contrast, our results showed that
the APC value of 1.0 % OEO treated sample on day 6 was reduced to
6.67-6.99 Log CFU/g. The discrepancy indicates that the antibacterial
effects of essential oils vary in different film matrices. Furthermore, the
antimicrobial effect significantly improved with an increase in the
addition of OEO. However, at the same level of OEO content, there was
no significant difference in APC values between the MOEO and NOEO
film treatments. This showed that the particle size of OEO in the film did
not have a significant impact on the inhibitory effect on surface bacteria
of chicken breast, which also validated the previous results on the in
vitro antimicrobial activity (Section 3.2.9). It was interesting to observe
that after the 8-day storage, there was no significant change in APC
values for all samples. This may be due to the inhibitory metabolites of
microbial growth in the stationary stage, making the environment less
conducive for further microbial growth (Maier and Pepper, 2015).
Similar results have been observed by other studies (Javaherzadeh et al.,
2020; Nouri Ala and Shahbazi, 2019; Zheng et al., 2023).

4. Conclusion

To summary, we successfully incorporated OEO into the PPI film
matrix and fabricated PPI-based active films with antimicrobial
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Fig. 4. The aerobic plate count (APC) of chicken breast samples treated
without packaging, with plastic film packaging, or with PPI films containing
different amounts of micro- (MOEO) or nano- (NOEO) oregano essential oil
during 10 days of refrigerated storage (4 °C).

properties. Changes in film structure and variations in chemical bond
strength, as determined by SEM and FTIR, confirmed the presence of
OEO within the PPI film. The addition of OEO significantly altered film
properties, including mechanical properties, water resistance, color, and
thickness. These alterations were primarily associated with the con-
centration of added OEO rather than its particle size. PPI-based film with
2.0 % OEO exhibited a notable antibacterial effect, showing significant
inhibition of the growth of three Salmonella strains. Application of PPI-
based film with 2.0 % OEO on chicken breast also revealed significant
inhibition of the bacteria, delaying the spoilage for 5 days. Furthermore,
reducing the particle size of OEO to the nano-scale did not significantly
enhance its antimicrobial effectiveness in the PPI film. Taken together,
the addition of OEO into PPI-based film proved to be an efficient method
for enhancing its antimicrobial activity. The resultant antibacterial film
demonstrated substantial potential for application on chicken breast.
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