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A B S T R A C T

Stabilizing essential oils (EOs) within biodegradable matrices to create homogeneous and stable films with
desirable properties is challenging due to the hydrophobic nature of EOs, which hinders their uniform infusion
into the matrix. In this study, we investigated the feasibility of creating active films made of gelatin, infused with
nanocellulose-stabilized Pickering emulsion (PE) containing Oliveria Decumbens Vent. essential oil (OEO). The
Pickering emulsion effectively stabilized the 50% v/v of OEO, which was subsequently incorporated into a
gelatin film at 0, 3, 5, 7, and 9% v/v, to produce active films. FTIR data showed that the OEO-PE was physically
trapped in the film matrix through hydrogen bonds, which was also verified by SEMmicrographs. The addition of
OEO-PE notably changed the films’ mechanical properties, leading to reduced tensile strength and enhanced
elongation (P < 0.05) with no significant impact on their water vapor permeability. The incorporation of OEO
endowed the film matrix with high antioxidant and antibacterial activity against E. coli and S. aureus. Thermal
analysis using differential scanning calorimetry showed a 36–171 ◦C endothermic peak in all films, due to water
evaporation and melting. The gelatin film containing 9% OEO-PE exhibited superior physical properties,
enhanced water resistance, and excellent antibacterial and antioxidant activity.

1. Introduction

Currently, oil-based packaging materials, particularly single-use
ones, are extensively utilized throughout the food supply chain to
ensure food preservation and safety. However, due to their durability
and non-biodegradability, these materials pose significant threats to the
environment, polluting both land and sea. Consequently, numerous ef-
forts have been made to mitigate the environmental pollution caused by
plastic packaging, including the adoption of biopolymers as the primary
material. Essentially, biodegradable biopolymers can effectively address
pollution issues as they degrade more readily compared to plastics
(Amin et al., 2022).

Various biopolymers have been used as film-packaging materials; e.
g., gelatin, collagen, soy protein isolate, and starch (Cha & Chinnan,
2004). Gelatin is an animal-based biopolymer derived from animal

connective tissues (Lu et al., 2022). Like other biopolymers, it possesses
excellent film-forming properties. This is due to its ability to form a thin,
continuous layer, a characteristic that is crucial for packaging films.
However, its application is limited due to its poor mechanical and
moisture barrier properties (Khan & Sadiq, 2021; Luo, Wu, Wang, & Yu,
2021). Scientists have made extensive efforts to overcome these draw-
backs. These include using nanomaterials as fillers to enhance the me-
chanical properties, and incorporating various oils, including essential
oils, to improve the barrier and hydrophobic properties of gelatin-based
films (Atarés & Chiralt, 2016; Martelli-Tosi et al., 2018; Onyeaka et al.,
2023).

Pickering emulsion films are a unique type of film that amalgamates
all the previously mentioned properties. These films maximize the
benefits of nanomaterials, which act as stabilizing agents, and essential
oils, which serve as hydrophobic, antioxidant, and antimicrobial
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components. Pickering emulsions represent a distinct class of emulsions,
stabilized by colloidal solid particles instead of conventional emulsifiers
(Berton-Carabin & Schroën, 2015).

Nanocellulose is a promising material for use as a Pickering agent.
Cellulose is the most abundant biopolymer in the world and is
commonly found in plants. Nanocellulose has the potential to be used as
a reinforcing agent in the polymer matrix, thereby enhancing the me-
chanical and thermal properties of gelatin films. The presence of several
hydroxyl groups on the surface of cellulose enables inter and intra-
molecular hydrogen bonds, which in turn provide a uniform dispersion
in hydrophilic polymer matrices like gelatin (Onyeaka et al., 2023). In
addition to its reinforcing application, it has been shown that cellulose
nanocrystals can stabilize oils in the aqueous medium, as they are
flexible enough to position at the interface of the oil/water droplet
(Capron & Cathala, 2013).

Incorporating Pickering emulsions into the gelatin matrix can offer
additional benefits, especially when essential oils are used as the oil
fraction. Specifically, essential oils have demonstrated significant anti-
oxidant and antimicrobial properties. When these oils are used as the oil
fraction in Pickering emulsion-based films, the resulting packaging can
be classified as active. A variety of essential oils, including clove, cin-
namon, and thyme, have been incorporated into the film matrix to
produce active packaging (Du et al., 2009; Hosseini, Razavi, &Mousavi,
2009).

Oliveria decumbens Vent belongs to the Apiaceae family, and has high
antimicrobial and antioxidant activity (Habibollah Abbasi, Fahim,
Mahboubi, & Tahmasbi, 2019; Esmaeili, Karami, & Maggi, 2018). Uti-
lizing Oliveria decumbens Vent essential oil as an oil fraction of a nano-
cellulose Pickering emulsion, and incorporating it into a gelatin film
matrix can be beneficial in two ways. First, nanocellulose, acting as a
Pickering agent, can enhance the mechanical properties of the films.
Second, the Pickering emulsion, which contains Oliveria decumbens Vent
essential oil, imparts antimicrobial and antioxidant properties to the
film matrix, thus creating active packaging. Accordingly, in this study,
our focus was on utilizing nanocellulose as a Pickering agent. The aim
was to stabilize the essential oil within an aqueous system by utilizing
nanocellulose as a Pickering agent, where nanocellulose could be used as
a Pickering agent to produce a Pickering emulsion. To verify emulsion
production and stability, we aimed to assess optical microscopic images,
stability over time, particle size, and zeta potential. Next, we aimed to
integrate the fabricated emulsion into the film matrix, ensuring the
creation of a homogeneous and uniform active film. We sought to
harness the dual benefits of the cellulose Pickering emulsion; its anti-
microbial properties and its reinforcing capabilities, and loading such an
emulsion with Oliveria decumbens Vent essential oil. To our knowledge,
this is the first instance of Oliveria decumbens Vent essential oil being
used as a natural active agent in cellulose-based Pickering emulsion
systems. Moreover, no prior studies have attempted to integrate such a
system into a gelatin film matrix or assessed its potential bioactive
functions. This research, therefore, presents a novel approach in this
field.

2. Materials and methods

Gelatin, with a bloom number of 200, was purchased from Merck
Chemical Co. (Darmstadt, Germany). Nanocellulose was extracted from
medical-grade cotton wool (Negin Hydrophile Cotton, Iran). The
essential oil of Oliveria decumbens Vent was procured from Tabib Daru
Pharmaceutical Co. (Mashhad Ardehal- Kashan- Iran). Glycerol was
obtained from Dr. Mojallali’s Chemical Complex Company (Iran).

2.1. Nanocellulose preparation and characterization

Nanocellulose was extracted from cotton wool through acid hydro-
lysis, based on the method described by Pirich et al. (2019) with slight
modifications. In brief, 50 g of chopped cotton wool was added to a 500

mL sulfuric acid solution (64% v/v) and stirred for 3.5 h at 55 ◦C. After
the hydrolysis process, the solution was quenched with 10-fold distilled
water. The solution was then centrifuged (Orum Tadjhiz, Iran) for 15
min at 2823 g to separate the cellulose particles from the acidic aqueous
solution. The precipitates were retained, and the clear supernatant was
discarded. This process was repeated several times until the supernatant
became turbid. The milky supernatant was then placed into dialysis
tubes (12000–14000 Da cut-off, Merck) and dialyzed against distilled
water for a week at room temperature (25 ◦C), with the dialysis water
being exchanged daily. Once the pH of the nanocellulose solution
reached 5–6, the solution was treated with ultrasound (TOP Sonics,
UP400, Iran) with a frequency of 20 kHz for 15 min at a power of 400 W
to ensure full dispersion of the cellulose nanocrystals. The ultrasonicated
solution was then centrifuged at 11292 g (PIT320 R, Famco, Iran) for
150 min, and the milky supernatant containing nanocrystalline cellu-
loses, was collected and dried using an air-circulating oven at 40 ◦C for
24 h. To evaluate the particle size and zeta potential of nanocellulose, a
0.1% w/v nanocellulose solution in distilled water was prepared and
analyzed using Dynamic Light Scattering (DLS; Nanotrac Wave 2,
Microtrac, United States) (Hedjazi & Razavi, 2018).

2.2. Pickering emulsion (PE) preparation and characterization

Pickering emulsions were prepared with slight modifications based
on the method reported by Saidane, Perrin, Cherhal, Guellec, and Cap-
ron (2016). In brief, nanocelluloses were dispersed in distilled water at a
concentration of 1% w/v and sonicated for 2 min to ensure a complete
and uniform dispersion of nanocellulose in the aqueous phase. Oliveria
decumbens Vent essential oil (OEO) was added to the nanocellulose
dispersion at a ratio of 50% v/v and homogenized using an ULTRA--
TURRAX® homogenizer (IKA-T25 model, Staufen, Germany) at 15000
rpm for 5 min. The mixture was immediately transferred to a sonicator
(UP400A model, Topsonic, Iran); the titanium probe of the sonicator
was placed near the surface of the emulsion and sonicated for 5 min at
300 W (7 s on, 3 s off). The emulsions were placed in an ice bath during
the homogenization and sonication processes to avoid the adverse ef-
fects of heat increase.

The average droplet diameter and zeta potential of the emulsions
were analyzed using the method described by Hedjazi and Razavi
(2018). 1 mL of each emulsion was diluted in 100 mL of distilled water
and analyzed using Dynamic Light Scattering (Nanotrac Wave 2,
Microtrac, United States).

2.3. Preparation of gelatin film loaded with pickering emulsion

Pickering emulsion films were prepared as follows. A 6% w/v gelatin
solution was prepared by completely dissolving gelatin powder in
distilled water at 50 ◦C. Glycerol was added to the gelatin solution at a
ratio of 30%w/w based on the dry matter of the gelatin. Emulsions were
added to the gelatin solution at concentrations of 0, 3, 5, 7, and 9% v/v,
with the final film-forming solutions being 50 mL. A specified amount of
the prepared Pickering emulsion films (25 mL) was poured into plastic
Petri dishes with a diameter of 10 cm and placed in an air-circulating
oven for 24 h at 35 ◦C. The dried films were peeled and stored in a
desiccator containing conditioned silica gel at 48% relative humidity
(RH) at room temperature before further analysis. All samples were
conditioned at the mentioned RH% for three days before analysis
(Almasi, Azizi, & Amjadi, 2020).

2.4. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of the films were obtained by placing a piece of film
under the single reflection crystal of an ATR device (Cary 630, Agilent
Technologies Inc., Danbury, CT, USA). The spectra were recorded at a
resolution of 1 cm− 1 using a DTGS detector in the range of 600–4000
cm− 1.
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2.5. Color analysis

The color of the film samples was analyzed using the Image Parda-
zesh device (IMG Pardazesh, Iran). This system comprised a digital
camera (model ISH1000 Tucsen), an image-capturing box, and image
analysis software (IMG Pardazesh CAM-System XI, Iran). Each sample
was placed on a white background, and the L* a* b* parameters of at
least 50 different points of each image were calculated using the ImageJ
software (Tabaestani, Sedaghat, Pooya, & Alipour, 2013).

2.6. Film morphology

The surface morphology and cross-section of the films were visual-
ized using scanning electron microscopy (SEM) at an acceleration
voltage of 20 kV. The surface and fresh cut of the cross-section of the
films were sputter-coated with gold. Cross-section images were captured
at 500x, 1kx, and 2kx magnifications, while surface images were taken
at 500x and 1kx magnifications (Hasanzati Rostami, Motamedzadegan,
Hosseini, Rezaei, & Kamali, 2017).

2.7. Mechanical strength

The mechanical properties of the films were evaluated using a Koopa
Universal Machine (TA model, Koopa, Iran), in accordance with the
ASTM D882-97 standard (ASTM, 1999). Briefly, the samples were cut
into rectangular shapes measuring 1 × 10 cm and conditioned at 55%
RH and 25 ◦C for three days prior to testing. The samples were secured
between grips with an initial distance of 40mm, a trigger load of 5 g, and
a crosshead speed of 1 mm/s.

2.8. Film solubility in water (FS)

The solubility of films in the water was measured using the method
described by Habib Abbasi, Fahim, and Mahboubi (2021). The films
were cut into pieces measuring 4 × 4 cm, accurately weighed, and
placed in a circulating air oven at 105 ◦C for 24 h. The dried samples
were weighed again and immersed in distilled water for 24 h; then, the
mixture was passed through filter paper (Whatman No. 1). The filter
papers were subsequently placed in the oven at 105 ◦C for 24 h and
weighed once more. The solubility of the films was measured using the
following formula:

FS%=
Wi − Wf

Wi
× 100 (Eq. 1)

Where, Wi is the initial weight of dried film (g), and Wf is the weight of
the dry insolubilized films.

2.9. Water vapor permeability (WVP)

The water vapor barrier properties of the films were measured using
ASTM E96. Briefly, each sample was tightly sealed to the mouth of a cup
(26 mm ID), which had been previously filled with dry silica gels. The
cups were placed in a desiccator containing water at room temperature
(ASTM-E96). The cups were weighed daily for 18 days, and the water
vapor permeability (WVP) was measured using the following equation:

WVP=
G
t

x
AΔp

(Eq. 2)

Where, x represents the average film thickness (m) measured at least 5
points of the film spacemen. A is the exposure area of the film (m2), G

t is
the slop of the weight gain curve, and Δp = P0(RH1 − RH2), where P0 is
the saturated water vapor pressure at the test temperature, and (RH1 −

RH2) refers to the real water pressure difference across the film.

2.10. Phenolic properties and antioxidant activity

An aliquot of the film (0.02 g) was mixed with 25 mL of methanol
and stirred at room temperature for 30 min. It was then subjected to
ultrasound at 200 W for 5 min. The supernatant was used for 2,2-
diphenyl-1-picrylhydrazyl (DPPH), total phenol content, and ferric
reducing antioxidant power (FRAP), and total phenol content (TPC)
analyses as described by Tongnuanchan, Benjakul, and Prodpran
(2012).

2.10.1. TPC assay
The total phenolic content of the film samples was measured using

the method described by Chavoshi, Didar, Vazifedoost, Shahidi Nog-
habi, and Zendehdel (2022) with the Folin Ciocâlteu reagent. An aliquot
of the extract (500 μL) from the solution prepared from the films was
transferred to a test tube along with 2500 μl of Folin Ciocâlteu reagent.
After resting for 5 min, 2000 μl of sodium carbonate (7.5%) was mixed
into the solution, and then the film mixture was kept in a dark place for
40 min. The absorbance of the mixture was measured using a spectro-
photometer at a wavelength of 760 nm. The absorbance of different
concentrations of Gallic acid (25–400 μg/mL) was used as a standard to
create a calibration curve. The total phenolic content was defined as mg
of Gallic acid per g of film.

2.10.2. FRAP assay
The ability of OEO-PE films to reduce iron (III) was evaluated using

the method described by Yıldırım, Mavi, and Kara (2001). Samples, each
of 2.5 mL, were combined with an equal volume of phosphate buffer
(0.2 M, pH 6.6) and potassium ferricyanide1 (10 g/L). This mixture was
then incubated at 50 ◦C for a duration of 30 min. Following this, 2.5 mL
of trichloroacetic acid (100 g/L) was added to the solution, which was
subsequently centrifuged for 10 min. The supernatant (2.5 mL) was then
mixed with 2.5 mL of distilled water and 0.5 mL of Ferric chloride2 (1
g/L). The absorbance of the samples was measured at a wavelength of
700 nm. It is important to note that a higher absorbance value indicates
a greater reducing power.

2.10.3. DPPH assay
The film extract was added to 1 mL of a 0.1 mM DPPH solution. The

resulting mixture was thoroughly mixed and then left in a dark room for
15 min. The light absorption of the samples was measured at 517 nm.
Ascorbic acid solution and DPPH solvent (without the sample) were used
as the control positive and control negative, respectively. These steps
were also carried out on BHA, which served as a standard antioxidant
(Tongnuanchan et al., 2012). The percentage of DPPH activity, also
known as radical scavenging activity, was calculated using the following
formula.

Radical scavenging activity=
[(

Acontrol − Asample

Acontrol

)]

× 100 (Eq. 3)

Where, Acontrol represents the absorbance of the control and Asample rep-
resents the absorbance of the sample.

2.11. Antimicrobial activity

The film’s antibacterial activity against Escherichia coli (ATCC
25,922) and Staphylococcus aureus (ATCC 25,923) was measured using
the inhibition zone method, as described by Habib Abbasi et al. (2021)
with slight modification. A fresh microbial solution of 100 μl, equivalent
to 0.5 McFarland turbidity, was spread on Mueller Hinton agar. A well
with a diameter of 9 mmwas punched out on the agar plates, and 0.5 mL

1 K3Fe(CN)6.
2 FeCl3.
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of the film-forming solution was poured into it. The plates were then
incubated for 24 h at 37 ◦C. An antibiotic disc (cefalexin) and a blank
disk were used as positive and negative controls, respectively.

2.12. Thermal analysis

The thermal properties of the films were analyzed using Differential
Scanning Calorimetry (400-Ci, Sanaf, Iran). Film specimens (~10 mg)
were placed in an aluminum pan and heated from 25 to 250 ◦C at a rate
of 10 ◦C/min under a nitrogen flow rate of 50 mL/min. An empty
aluminum pan was used as a reference (Jamróz, Juszczak, & Kucharek,
2018).

2.13. Statistical analysis

A completely randomized design (CRD) was employed for the sta-
tistical analysis of results, and all experiments were conducted in trip-
licate (n = 3). The analysis of variance (ANOVA) was performed, and a
mean comparison was conducted using the Duncan test. The significance
level was set at P < 0.05. The results were analyzed using SPSS software
(Version 16.0).

3. Results and discussion

3.1. Nanocellulose and pickering emulsion characterization

The analysis of nanocellulose revealed a size and zeta potential of
182.2 nm and − 48.2 mV, respectively, confirming that acid hydrolysis
of cotton can successfully produce nanocrystalline cellulose. These re-
sults align with the findings of other researchers who used sulfuric acid
for hydrolysis (Jamróz et al., 2018; Wang et al., 2020; Wang et al.,
2021). The size and surface charge of nanocellulose were 177.8 nm and
− 48.7, respectively, making them suitable as a Pickering agent for
producing emulsions (Table 1). Our observed results confirmed that 1%
w/v nanocellulose can effectively stabilize OEO in the system, with the
emulsion remaining completely stable for 30 days at room temperature
(25 ◦C) (Fig. 1A-B). During the ultrasound process, small OEO droplets
were produced, and nanocellulose present in the medium covered the
OEO, effectively acting as a physical barrier against droplet coalescence
in the emulsion system (Fig. 1C) (Souza, Ferreira, Aguilar, Zanata, &
Rosa, 2021). The droplet size of emulsions containing 50% OEO was
1441.2 nm, and the zeta potential was − 19.1 mV (Table 1). In addition
to the barrier behavior of nanocellulose, the stabilization mechanism of
the emulsion could be described by electrostatic and steric repulsion
between droplets (emulsion zeta potential results) (Souza et al., 2021).
These researchers prepared nanocellulose-based Pickering emulsions
using cinnamon essential oil. They found that emulsions containing 30%

oil, with a zeta potential around − 29 mV, exhibited a low creaming
index and were electrostatically stabilized. Additionally, emulsions with
20% oil had a zeta potential of − 15mV and remained stable for a month,
indicating steric stabilization.

Table 1
Color parameters, solubility in water, water vapor permeability (WVP), and mechanical properties of the gelatin films containing 0, 3, 5, 7, and 9% Oliveria Decumbens
Vent. essential oil.

OEO-
PE

Film characteristics

Color parameters Mechanical properties

L* a* b* Elongation
(%)

Tensile strength
(MPa)

FS (%) WVP (gr/kpa.day.
m)

Size (nm) Zeta
potential

0% 70.94 ±

3.95a
− 2.74 ±

0.02a
8.98 ± 0.67c 30.24 ± 4.69c 22.26 ± 6.61b 83.71 ± 0.49a 0.14 ± 0.02a – –

3% 62 ± 1.69b − 2.08 ± 0.2b 18.9 ± 2.06b 26.36 ± 4.45c 38.25 ± 3.87a 73.49 ± 0.82b 0.16 ± 0.03a – –
5% 65.7 ± 0.73b − 2.13 ±

0.01b
19.71 ±

0.45b
27.56 ± 3.61c 24.12 ± 4.99b 71.93 ± 0.52b 0.1 ± 0.03a – –

7% 63.85 ±

1.06b
− 2.09 ±

0.24b
20.64 ±

0.41b
47.69 ± 8.43b 20.83 ± 2.66b 69.61 ± 0.51c 0.15 ± 0.02a – –

9% 64.18 ±

0.64b
− 2.35 ±

0.12b
29.03 ±

0.06a
67.33±8a 19.21 ± 4.93b 66.021 ±

0.97d
0.17 ± 0.002a – –

CNC – – – – – - - 177.8 − 48.7
PE – – – – – – – 1441.2 − 19.1

Fig. 1. A: Freshly prepared Oliveria Decumbens Vent. essential oil Pickering
emulsion (OEO-PE), B: Physically-stable formulation of OEO-PE after 1 month
of storage, and C: Optical microscopy image of the fresh OEO-PE at
40x magnitude.
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3.2. Film characterization

3.2.1. FTIR spectroscopy
Fig. 2A and B represent the FTIR spectra of gelatin films with varying

concentrations of OEO-PE. The prominent peaks associated with gelatin
molecules, which are consistent across all samples, include a stretching
absorption peak at 3293 cm− 1, attributed to N-H amide type A, and two
absorption peaks at approximately 1540 cm− 1 and 1635 cm− 1 assigned
to amide II and amide I, respectively. Additionally, a peak at 1235 cm− 1

was observed, which was attributed to amide bands (amide III) with C-
H2 of glycine and proline side chains of gelatin. Amides are functional
and characteristic groups found in proteins, such as gelatin. In FTIR
spectra, these functional groups commonly appear in four regions
known as amide A, amide I, amide II, and amide III (Wahyuningtyas,
Jadid, Burhan, & Atmaja, 2019). Habib Abbasi et al. (2021) reported
similar peaks for gelatin films at 3291, 1527, 1621, and 1221 cm− 1 for
the above-mentioned amide. Other research on gelatin films also
confirmed these prominent peaks for gelatin (Roy& Rhim, 2021; Shahiri
Tabarestani, Sedaghat, Jahanshahi, Motamedzadegan, & Mohebbi,
2017). A sharp peak was also noted at 1631 cm− 1, related to the O-H
vibration of absorbed water.

In addition to peaks attributed to gelatin functional groups, the FTIR
spectra also revealed prominent peaks associated with nanocellulose. A
strong peak at 1032 cm− 1 is attributed to the stretching vibration of C-O
groups, i.e., asymmetric stretching vibrations of pyranose rings and

bridge C-O-C bands. Additionally, a peak at 1388 cm− 1 is attributed to C-
H and C-O vibrations found in the polysaccharides. Wulandari,
Rochliadi, and Arcana (2016) reported two peaks at 1060 and 1382
cm− 1 corresponded to cellulose functional groups; i.e., C-O-C pyranose
ring and C-H and C-O of polysaccharide rings, respectively which was
following our results. In addition, peaks between 2900 cm− 1 and 2950
cm− 1, which are attributed to the C-H stretching vibrations of the cel-
lulose, are also present. All these peaks are associated with the presence
of nanocellulose of PE in the film matrix (Foo, Tan, Wu, Chan, & Chew,
2017; Wulandari et al., 2016).

As seen in Fig. 2, the presence of OEO in the film matrix did not
produce any new peaks, but the intensity of the O-H and C-H stretching
peaks increased with a higher amount of OEO-PE. This might be due to
the presence of larger quantities of phenolic compounds such as Thymol
and Carvacrol, confirming the existence of OEO in the system and its
physical entrapment within the film matrix. In a study on nanofiber
starches loaded with carvacrol, Fonseca et al. (2019) reported that the
incorporation of carvacrol in the fibers did not produce a new band in
the FTIR spectra which were similar to our findings. These authors
claimed that EO in the nanofibers was mixed physically without a
chemical reaction. Physical entrapment of EO in the polymer matrix
with no new characteristic bands was also reported by other researchers
(Barzegar et al., 2021; Keawchaoon & Yoksan, 2011).

Fig. 2. Fourier transform infrared (FTIR) spectra of gelatin films containing 0, 3, 5, 7, and 9% Oliveria Decumbens Vent. essential oil Pickering emulsion (OEO-PE) at a
range of A) 650-4000 cm− 1 and B) 900- 1800 cm− 1.
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3.2.2. Color characteristics
Color analysis of OEO-PE films and the physical appearance of films

are presented in Table 1 and Fig. 3, respectively. The results showed that
the lightness of the films significantly decreased after incorporating
OEO-PE (P < 0.05). This could be due to changes in light scattering as a
result of the presence of emulsion droplets distributed in the filmmatrix.
In addition, the a* parameter, which reflects the greenness of films, also
decreased after incorporating OEO-PEs. The a* value of the 0% OEO-PE
film was − 2.74 ± 0.02, which significantly decreased to a range of
− 2.08 ± 0.2 to − 2.35 ± 0.12 for the 3% and the 9% OEO-PE films,
respectively. The b* parameter, representing the yellowness or blueness
of the films, significantly increased after adding OEO-PEs (P < 0.05).
The yellowness of the control film was 8.98 ± 0.67, which significantly
increased to 29.03 ± 0.06 for the 9% OEO-PE film (P < 0.05). This
suggests that incorporating OEO in the film matrix led to a deeper
yellowish color, which may be due to the natural yellow color of the
essential oil from Oliveria Decumbens Vent. The essential oil has a yellow,
light brown color; therefore, incorporating it in the film matrix led to a
yellowish appearance of the film as reflected in the results of the b*
parameter (Table 1) and confirmed by the visual color change depicted
in Fig. 3. This figure was used to illustrate the visual appearance,
including transparency and color. Films containing varying concentra-
tions of OEO-PE were placed on a white background with a black printed
letter, and their images were compared. The color change and increase
in the b* parameter as a result of incorporating EO in the film matrix
were also reported by Dai et al. (2023), who confirmed that the color of
films was visually influenced by the EO portion in the film and films with
a higher amount of cinnamon essential oil had a more yellowish color
and a higher b* parameter. Similar results were also reported in a study
done by Liu et al. (2022) on cinnamon essential oil Pickering emulsions
in chitosan composite films.

3.2.3. Film morphology
The surface and cross-section morphologies of the films are depicted

in Fig. 4A–F. The control film, composed of pure gelatin, exhibited a

relatively smooth and uniform surface without any inhomogeneity or
cracks. Additionally, the cross-section of this film showed only a few
cracks across the film. Other studies on the surface morphology of pure
gelatin films have confirmed that gelatin provides a compact and uni-
form structure (Habib Abbasi et al., 2021; Dai et al., 2023). In contrast,
adding OEO-PE into the gelatin matrix resulted in a relatively
non-uniform surface, as shown in Fig. 4C–F. The surface of the films
displayed the formation of certain curved surfaces, specifically for films
with 9% OEO-PEs (Fig. 4E–F), implying the presence of sub-surface EO
in the film structure. This is typical behavior of films containing high
levels of Pickering emulsion (Dammak, Lourenço, & do Amaral Sobral,
2019). However, the surface uniformity of OEO-PE films was sufficient
to conclude that the film-forming emulsions were highly stable and that
creaming and coalescence had not occurred during the drying process
(Pereda, Aranguren, & Marcovich, 2010; Shi et al., 2016).

The investigation of a cross-section of OEO-PE films revealed a het-
erogeneous and porous structure; some grainy particles were present,
which might represent emulsion droplets. Emulsion droplets at the
cross-section of the matrix did not show any aggregation and were
uniformly dispersed (Fig. 4C–F). This uniform distribution can be
attributed to the use of nanocellulose with negative charges that prevent
droplet aggregation or coagulation (Khalil et al., 2017). In addition,
some micro-structured sized holes throughout the cross-section of
OEO-PE films, especially in films containing higher amounts of EO-PEs,
could be due to the presence of essential oil droplets in the matrix that
interrupt chain entanglement of gelatin molecules, giving rise to a more
disordered and porous network (Dammak et al., 2019; Pastor,
Sánchez-González, Chiralt, Cháfer, & González-Martínez, 2013).

3.2.4. Mechanical properties
Mechanical property parameters, including tensile strength (TS) and

elongation (%E) of films, are presented in Table 1. The results showed
that incorporating OEO-PEs at 7% and 9% concentrations into the
gelatin matrix could significantly increase %E compared to a pure
gelatin film. The control and 3% OEO-PEs films had the lowest %E of

Fig. 3. The physical appearance of films with different concentrations of Oliveria Decumbens Vent. essential oil Pickering emulsion (OEO-PE). A: Pure gelatin film, B:
3% OEO-PE film, C: 5% OEO-PE film, D: 7% OEO-PE film, E: 9% OEO-PE film.
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30.24 ± 4.69 and 26.36 ± 4.45, respectively, with no significant dif-
ferences between them. However, as the concentration of OEO-PE
increased to 9% in the film, %E rose to 67.33 ± 8%. On the contrary,
OEO-PE content was not significant in the TS of the films except for the
3% OEO-PEs. The highest TS was 38.25± 3.87 MPa for the 3% OEO-PEs
film, whereas it was significantly lower in films containing 0, 5, 7, and
9% OEO-PEs. This suggests that the emulsion primarily enhanced the
extensibility of the films, while its effect on the TS parameter was
insignificant.

In general, the glycerol used in the film formulation acted as a
lubricant between gelatin chains and enhanced film elasticity. However,
the results showed that OEO-PEs may also have a plasticizing effect. In
this regard, Dammak et al. (2019) and Robledo et al. (2018) reported
that nanoemulsions in the film matrix could act as a plasticizer, thereby
affecting the mechanical properties of films. Another explanation for
this behavior is that the presence of emulsion droplets may reduce chain
entanglement and enhance their molecular mobility. More precisely,
emulsion droplets in the microstructure of the films could prevent the
formation of intermolecular junctions, leading to a decrease in forces
between chains and reducing the strength of the films (Dammak et al.,

2019; Pereda et al., 2010; Shi et al., 2016). In addition, Shi et al. (2016)
suggested that the increase in %E of films could be associated with the
deformability of the lipidic nature of EO, as lipid droplets can easily
deform during tensile tension, which aligns with our results. The results
of the mechanical properties of the films were confirmed by the SEM
images (Fig. 4) as these images depicted the presence of OEO-PE drop-
lets and also tiny holes in the cross-section of the films which could
influence the mechanical properties (see Fig. 4C–F).

3.2.5. Water solubility of the film (FS)
The results of the water solubility of films are shown in Table 1. FS is

a vital parameter of biodegradable films since they are used as a pro-
tective layer on food and may have direct contact with food ingredients
(Shakila, Jeevithan, Varatharajakumar, Jeyasekaran, & Sukumar,
2012). The pure gelatin film showed significantly higher water solubility
than other films (P < 0.05). On the contrary, introducing OEO-PEs into
the gelatin matrix significantly reduced their solubility, specifically in
films with a higher portion of OEO-PEs. As shown in Table 1, the highest
solubility was 83.71 ± 0.49% for the pure gelatin film, which was
similar to the results of gelatin film solubility reported in previous

Fig. 4. Scanning electron micrographs of the films with different concentrations of Oliveria Decumbens Vent. essential oil Pickering emulsion (OEO-PE). A and B:
Surface and cross-section of the pure gelatin film, C and D: Surface and cross-section of the 3% OEO-PE film; E and F: Surface and cross-section of the 9% OEO-PE
film, respectively.
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studies (Ahmad & Sarbon, 2021; Peña, De La Caba, Eceiza, Ruseckaite,
& Mondragon, 2010; Shakila et al., 2012).

The water solubility of the gelatin film is mainly governed by the
hydrophilic nature of gelatin chains, so water molecules can form
hydrogen bonds with the chain, leading to the high solubility of the pure
gelatin film in water. However, the decreased water solubility by adding
OEO-PEs to the matrix film can be explained by the probable interaction
between nanocellulose (as wall material of Pickering emulsion droplets)
and gelatin. Nanocellulose is a hydrocolloid with no solubility in water
but has free hydroxyl groups that can form hydrogen bonds (Rogovina,
Aleksanyan, Prut, & Gorenberg, 2013). This means that nanocellulose
can form hydrogen bonds with gelatin chains, so the water uptake by
proteins may decrease since the water molecule can’t disrupt the pre-
viously formed hydrogen bonds between nanocellulose and gelatin.
They can’t penetrate the gelatin film matrix, swell, and dissolve it
(Ahmad & Sarbon, 2021). In this regard, Oyeoka, Ewulonu, Nwuzor,
Obele, and Nwabanne (2021) reported that adding nanocellulose at 5
and 10% w/w to PVA-Gelatin films could decrease %FS to 63 and 60%,
respectively which was similar to our results. Oyeoka et al. (2021)
claimed that the decrease in FS was mainly due to the formation of
strong hydrogen bonding between the film matrix and nanocellulose,
consequently decreasing the film’s water sensitivity and restricting the
film matrix’s dissolution in the water medium.

In addition to nanocellulose, the presence of OEO in the Pickering
emulsion has also affected the FS. The structure of OEO is essentially
hydrophobic, which means that it forms hydrophobic interactions with
the helical structure of the gelatin and alters its solubility. More pre-
cisely, the non-polar components of the essential oil can interact with
the hydrophobic domains of gelatin, enhancing the hydrophobicity of
the final film. Peña et al. (2010) reported that adding tannin to the
gelatin matrix decreased its solubility, similar to our results. Relatedly,
Ahmad, Benjakul, Prodpran, and Agustini (2012) reported that incor-
porating EO with a hydrophobic structure into gelatin films decreased
solubility. The change in gelatin structure due to the presence of OEO in
the film was confirmed by the thermal analysis of the films, which will
be discussed further in the next section.

3.2.6. Water vapor permeability
The water barrier property of films is a critical parameter for

biodegradable packaging films, as they are a determining factor in
preventing moisture reabsorption, oxidation, and deterioration of food
ingredients (Fan et al., 2023). In general, the water permeation across
films follows three steps: first, sorption and solubilization of water
molecules on the film surface that come into contact with the higher
water vapor concentration. Second, water molecules diffuse throughout
the polymer matrix due to the concentration gradient. Third, evapora-
tion of water molecules from the side that comes into contact with a
lower water vapor concentration (Dammak et al., 2019).

As shown in Table 1, the vapor permeability of films did not signif-
icantly change by adding OEO-PEs into the gelatin matrix. Many studies
reported that incorporating Pickering emulsion into film matrices
decreased the barrier properties of films mainly due to an increase in the
oil or essential oil droplets in the film structure (Dai et al., 2023; Dam-
mak et al., 2019) or an increase in the migration path of water vapor
(Fan et al., 2023; Shen et al., 2021). However, our findings showed that
an increase in OEO as a hydrophobic component did not work in favor of
decreasing WVP as in many previous studies. This may be explained by
the higher number of cracks and holes formed after incorporating
different levels of OEO-PEs (as depicted in Fig. 4C–F). In this regard,
Abdulkhani, Hosseinzadeh, Ashori, Dadashi, and Takzare (2014) and
Habib Abbasi et al. (2021) reported a slight increase inWVP after adding
Nanocrystalline cellulose and electrospun cellulose acetate, respec-
tively, which is inconsistent with our findings. In addition, Roy and
Rhim (2021) reported that integrating Pickering emulsions of clove EO
stabilized with nanocellulose in the gelatin/agar films increased WVP
due to the high amount of nanocellulose in the matrix and its free

hydroxyl groups that enhance water attraction. In our study, OEO-PEs
did not increase WVP like the work of Roy and Rhim (2021), which
may be due to the presence of OEO and its hydrophobic nature, which
somehow could combat the tiny cracks and micrometer holes in the
structure (Fig. 4C–F).

3.2.7. Phenolic properties and antioxidant activity
The phenolic properties and antioxidant activity of active films were

measured by different tests, including TPC, FRAP, and DPPH assays, as
presented in Table 2. The results confirmed that incorporated OEO
contained high phenolic compounds. The film containing 0% OEO
exhibited no TPC, whereas by incorporating OEO, the TPC values in the
films increased from 5.62 ± 0.05 to 15.1 ± 0.2 for the 3% and 9% OEO-
PE films, respectively. In previous studies, it was confirmed that Oliveria
Decumbens Vent. EO had high phenolic content, and the main compo-
nents were thymol, Carvacrol, p-cymene, and γ-terpinene (Alizadeh
Behbahani, Tabatabaei Yazdi, Vasiee, & Mortazavi, 2018; Esmaeili
et al., 2018; Karami, Kavoosi, & Maggi, 2019; Saidi, 2014). Based on
Esmaeili et al. (2018), OEO has 14.8–16.7 mg GAE/g dry weight at
different phenological stages, stages of plant growth, similar to our re-
sults (15.1 ± 0.2 for the 9% OEO-PE film). On the other hand, the high
phenolic content of films positively correlated with the higher antioxi-
dant activity of the OEO (Table 2). More precisely, the antioxidant ac-
tivity of phenolic compounds is primarily due to their redox properties,
which allow them to absorb or neutralize free radicals, act as a metal
chelator, quench singlet or triplet oxygen (i.e., phenolic ring), which can
donate hydrogen from the hydroxyl groups (Adilah, Jamilah, & Hanani,
2018; Javanmardi, Stushnoff, Locke, & Vivanco, 2003).

Aligned with the TPC results, the findings of the DPPH and FRAP
assays, presented in Table 2, showed that as the OEO-PE concentration
increased from 3% to 9%, the %RSA and FRAP increased prominently (P
< 0.05). Both DPPH and FRAP assay results were in firm accordance
with OEO’s high phenolic content results (Table 2). In spite of phenolic
content, DPPH scavenging activity might be related to flavonoid com-
pounds in OEO (Mirahmad et al., 2024). Previous studies on active films
containing EO have reported high antioxidant activity. For example,
Malihi, Danafar, and Moosavi-nasab (2022) reported that the antioxi-
dant activity of gelatin films containing OEO was enhanced by
increasing the essential oil from 1% to 3%. These researchers reported a
71.18%DPPH value for a filmwith 3% essential oil. They concluded that
the high antioxidant activity of the active film corresponds to its high
phenolic content, which aligns with our results. In another study con-
ducted by Nikravan, Maktabi, Ghaderi Ghahfarrokhi, and Mahmoodi
Sourestani (2021), OEO, which was used to produce nanoemulsion,
demonstrated excellent antioxidant activity. They also reported that
utilization of OEO as an active agent was limited due to its low solubility
in water, low stability, and high volatility. Therefore, emulsification
would be a promising method to increase its stability. Aligned with their
reports, and to overcome the destabilization of OEO in the film matrix,
we successfully used nanocellulose to emulsify and stabilize OEO in the
aqueous medium of the gelatin solution.

Our finding showed that cellulose, as a Pickering agent, could suc-
cessfully stabilize OEO and allow us to incorporate it into the filmmatrix
without phase separation (as depicted in Figs. 1–3). As a result, we could
utilize OEO’s high antioxidant and antimicrobial properties in the active
films.

3.2.8. Antimicrobial activity
The antibacterial results of the active films, as presented in Table 2

and Fig. 5, were obtained using the agar well diffusion method. In
general, our antimicrobial results aligned with antioxidant findings that
confirmed the biological activity of the phenolic contents of the OEO.
The antimicrobial results demonstrated that the control films had no
antibacterial effect. However, the inhibition zones against E. coli and
S. aureus were 13.93 ± 0.32 mm and 15.21 ± 0.5 mm, respectively, for
the 3%OEO-PE films. Remarkably, these zones significantly increased to
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33.75 ± 0.35 mm and 38.21 ± 0.76 mm, respectively, for the 9% OEO-
PE films. In addition, all films showed a more inhibitory effect on gram-
positive bacteria, which aligns with previous studies on OEO. This may
be due to the structure of bacterial walls. Gram-negative bacteria have
an inner peptidoglycan layer and outer lipopolysaccharide membrane,
while the walls of gram-positive bacteria consist only of a peptidoglycan
layer, making them more susceptible to antibacterial agents (Abbasi
et al., 2021; Malihi et al., 2022; Nikravan et al., 2021).

The antimicrobial activity of OEO may be due to its main constitu-
ents (i.e., bioactive compunds). OEO is rich in phenolics and terpenes,
and the mechanism of action of these components is primarily due to
interaction and consequently disruption of the bacterial membrane,
increasing its permeability. For instance, carvacrol, dominantly present
in the OEO, contains a phenolic OH group, which can transit through the
bacterial plasma membrane, bind ATP molecules or cations like K+,
transport them out of the bacterial cell, and then disrupt bacterial ho-
meostasis. Thymol, as one of the main bioactive constituents of OEO, on
the other hand, can integrate into the polar-head region of the lipid
layer, influencing the structural unity and fluidity of the membrane. In
addition, this ingredient can bind membrane and periplasmic space
proteins via hydrogen bonding and hydrophobic interactions,
decreasing the bacterial response to antibacterial agents
(Álvarez-Martínez, Barrajón-Catalán, Herranz-López, & Micol, 2021).
Given that the OEO used in the film matrix in the curretn research

consists of the same phenolic composition, pronounced antibacterial
efficiency against the studied bacterial strains was anticipated (Fig. 5).

3.2.9. Thermal analysis
The thermal parameters and thermograms of OEO-PE films are pre-

sented in Table 2 and Fig. 6, respectively. All films exhibited similar
thermal behavior and showed a distinct endothermic peak at 36–171 ◦C,
which corresponded to the desorption of water and essential oil trapped
in the OEO-PE and film matrix. This peak might also overlap with other
processes, such as the melting of gelatin peptides (Rivero, Garcia, &
Pinotti, 2010). The apex of this peak was 112.35 ± 1.2 ◦C for the 0%
OEO-PE film (i.e., control film), which significantly shifted to lower
temperatures of 88.25 ± 0.35 ◦C for the 9% OEO-PE film (P < 0.05).
This result may be attributed to the presence of OEO and cellulose in the
film matrix that changes the hydrogen bonding between polymer chains
and alters their overall mobility (Kilinc, Ocak, & Özdestan-Ocak, 2021).
In this regard, Tongnuanchan, Benjakul, Prodpran, Pisuchpen, and
Osako (2016) reported that hydrophobic substances like fats, oils, or
essential oils could slightly decrease the endothermic peak of gelatin
films. These substances in polymer-based films could act as a plasticizer,
disrupting intra and intermolecular interactions of protein chains,
leading to a loosening of its structure. The results of these researchers
were in accordance with our findings. In addition, the plasticizing effect
of OEO was concluded based on our DSC results, evidenced by a

Table 2
Antibacterial, antioxidant, and thermal properties of gelatin films containing 0, 3, 5, 7, and 9% Oliveria Decumbens Vent. essential oil.

Antioxidant activity Inhibition zone (mm) Thermal properties

Total phenolic content (mg/mL) FRAP (mg/mL) DPPH (%) E. coli S. auers Tm (◦C) ΔH (J/g)

0% OEO-PE 0e 0.019 ± 0.008e 3.47 ± 0.02e 0d 0d 112.35 87.64
3% EO-PE 5.62 ± 0.05d 0.27 ± 0.02d 71.06 ± 0.07d 13.93 ± 0.32c 15.21 ± 0.5c 107.2 82.6025
5% EO-PE 10.69 ± 0.11c 0.47 ± 0.04c 76.8 ± 0.28c 14.65 ± 0.5c 16.22 ± 0.96c 109.6 57.745
7% EO-PE 12.48 ± 0.37b 0.58 ± 0.02b 81.87 ± 0.33b 23.69 ± 0.81b 28.19 ± 0.62b 100.2 56.01
9% EO-PE 15.1 ± 0.2a 0.66 ± 0.03a 85.89 ± 0.35a 33.75 ± 0.35a 38.21 ± 0.76a 88.25 56.57

Fig. 5. Inhibition zones of various Oliveria Decumbens Vent. essential oil Pickering emulsion (OEO-PE) films. A1 and A2: Control+ and control-against E. coli,
respectively; B1 and B2: Control+ and control-against S. aureus, respectively; C1 and C2: the 0% OEO-PE film against E. coli and S. aureus, respectively; D1 and D2:
the 3% OEO-PE film against E. coli and S. aureus, respectively; E1 and E2: the 5% OEO-PE film against E. coli and S. aureus, respectively; F1 and F2: the 9% OEO-PE
film against E. coli and S. aureus, respectively.
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decrease in the mechanical strength of films (Table 1).
Additionally, the enthalpy, or the area under the first peak, showed a

decreasing trend with an increase in OEO-PE from 0 to 9%. Generally,
the enthalpy of the peaks represents the amount of energy needed to
evaporate water or OEO in the films (Fahim, Motamedzadegan, Far-
ahmandfar, & Ghaffari Khaligh, 2023). Therefore, the more water or EO
absorbed in the films results in higher enthalpy. The ΔH results for the
0% and 3% OEO-PE films were 87.64 ± 0.63 and 82.6 ± 0.73 J/g,
respectively, which was higher than those for other samples with higher
OEO-Pes; i.e., 56.57 J/g for the 9% OEO-PE film.

Gelatin has a hydrophilic nature, and the presence of water and
glycerol as a plasticizer affected the thermal properties of films. Both
increased water content, consequently causing a higher integration area.
Contrarily, when the portion of OEO-PE into the matrix increased from
0 to 9%, the ΔH declined from 87.64 to 56.57 J/g, possibly due to two
reasons. First, introducing OEO-PE in the film matrix caused new
hydrogen and hydrophobic bonding between cellulose/OEO and gelatin
chains, avoiding hydrogen bonds between water and gelatin, thereby
decreasing the bonded water in the films. This means that although a
portion of the water in the film matrix was replaced by OEO, due to the
lower heat capacity of the OEO compared to water, less energy was

needed to evaporate in films with higher OEO-PE content which
consequently decreased its ΔHs (Kilinc et al., 2021; Peña et al., 2010;
Tongnuanchan et al., 2016).

The second reason could be due to the structure of OEO. In other
words, the decreased ΔH with the incorporation of PE in the film matrix
could be the result of changes in the chain mobility of the gelatin
polymer matrix. OEO-PE can disrupt the ordered molecular structure of
the gelatin chains, forming a less-arranged structure that requires lower
enthalpy for disruption of inter-chain interaction in the film matrix (as
evidenced by SEM images and mechanical properties of films in Fig. 4
and Table 1, respectively). This finding follows the results of Tong-
nuanchan et al. (2016), who reported that the enthalpy of gelatin films
decreased after incorporating EO. Similar results were also reported by
Peña et al. (2010) and Kilinc et al. (2021).

4. Conclusions

Nanocellulose, extracted from cotton wool, successfully stabilized
OEO, producing a stable Pickering emulsion. This Pickering emulsion
was subsequently introduced into the gelatin matrix, resulting in a ho-
mogeneous, active film. The inclusion of OEO-PE in the film

Fig. 6. Thermograms of gelatin films containing 0, 3, 5, 7, and 9% Oliveria Decumbens Vent. oil essential Pickering emulsion (OEO-PE; A), and thermograms of gelatin
films containing 5% OEO-PE to represent the Tm and ΔH area (B).
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significantly modified mechanical properties, such as tensile strength
and elongation. The films turned yellow after the addition of OEO-PE,
attributable to the presence of OEO. The TPC, DPPH, and FRAP ana-
lyses confirmed that all gelatin films manufactured in this study
exhibited high antioxidant activity. Furthermore, the inhibition zone
test results demonstrated that the films possessed significant antibacte-
rial activity against E. coli and S. aureus. Both the antioxidant and
antimicrobial activities of the films increased with the OEO-PE content.
Thermal analysis of the films revealed that all films had an endothermic
peak associated with the evaporation of water and OEO from the film
matrix, which overlapped with the melting points. Therefore, stabilizing
hydrophobic EO in the hydrophilic gelatin film matrix through the
Pickering emulsion approach could be a promising method to enhance
the mechanical, antimicrobial, and antioxidant activities of gelatin
films. Our findings suggest that OEO-PE films can be successfully used as
an inner active layer in food packaging, as they exhibit low solubility
and can simultaneously prevent or retard microbial growth and oxida-
tion in packaged foods. This is particularly important for foods with
high-fat content and neutral pH.
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