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Trigonella foenum-graecum, known as fenugreek, belongs to the leguminous family of wild growth in Western
Asia, Europe, the Mediterranean, and Asia; its ripe seeds contain a pool of bioactive substances with great po-
tential in the food industry and medicine. In this study, fenugreek seed mucilage (FSM) was extracted and
characterized in its structural properties by X-ray diffraction, nuclear magnetic resonance, and high-performance
liquid chromatography. Then, the applicability of FSM as an antimicrobial agent was demonstrated via the
development of novel, active, edible FSM-based biofilms containing carboxymethyl cellulose and rosemary
essential oil (REO). Incorporating REO in the biofilms brought about specific changes in Fourier-transform
infrared spectra, affecting thermal degradation behavior. Scanning electron microscopy and atomic force mi-
croscopy morphography showed an even distribution of REO and smoother surfaces in the loaded films. Besides,
the solubility tests evidenced a reduction in water solubility with increasing REO concentration from 1 to 3 wt%.
The biological assay evidenced the antimicrobial activity of REO-loaded biofilms against Staphylococcus aureus
and Escherichia coli. Finally, whole apples were dip-coated with FSM-based solutions to showcase future edible
systems. The REO-loaded biofilms extended the shelf life of apples to 30 days, demonstrating their potential for
sustainable and active coatings.

1. Introduction

The primary functions of food packaging (FP) include protecting
foodstulff, facilitating transportation, and enhancing user convenience.
Besides, FP is crucial in preserving foodstuff quality and extending its
shelf life. The ever-increasing use of FP has led to a sharp growth in the
use of plastics in the food industry, raising concerns about its environ-
mental impact. Consequently, there is a growing need to develop
alternative packaging materials that are biodegradable and environ-
mentally friendly [1]. Recently, there has been a surging inclination
towards the development of biodegradable films produced from bio-
polymers, such as polysaccharides, lipids, proteins and their composites,
due to their characteristics, such as biodegradability, renewability, and
abundance [2,3]. Biodegradable films can even reduce microbial pro-
liferation, improve food quality, and increase shelf life [4].

Trigonella foenum-graecum, known as fenugreek, is a leguminous
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plant that originated in Western Asia and has spread over Europe, the
Mediterranean, and Asia [5]. The ripe seeds have several applications in
traditional Indian herbal medicine, including the treatment of colic
flatulence, dysentery, diarrhea, dyspepsia with loss of appetite, chronic
cough, dropsy, liver and spleen enlargement, rickets, gout, and diabetes
[5,6]. The green leaves and seeds of fenugreek have been used in the
food industry as additives, flavoring agents, and preservatives, as well as
in traditional medicine. Fenugreek seeds exhibit biological activities,
including antidiabetic, anticancer, antioxidant, anti-inflammatory,
antibacterial, gastric stimulant for anorexia, and hepatoprotective
[7,8]. Fenugreek seeds contain a significant percentage of mucilage, a
natural gummy material that coats many seeds to facilitate hydration
and germination [7]. Mucilage is a biocompatible, non-toxic, low-cost
hydrocolloid, mainly made of high molecular weight polysaccharides
with a desirable film-forming ability [9]. It is broadly used in the food
and pharmaceutical industries as a thickener, suspending agent, binder,
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and emulsion stabilizer [10]. Fenugreek seed mucilage (FSM) is mainly
based on polysaccharides, with a crystalline structure containing 45-60
% carbohydrates, mostly fiber, 30 % soluble, and 20 % insoluble [11].

Fenugreek seeds, integral to various Indian recipes, are particularly
rich in mucilage. While not highly soluble in water, FSM exhibits a thick
consistency when dissolved, a property advantageous for film develop-
ment. Exploring its application in edible films is of significant interest,
especially considering its unique properties and potential benefits in the
food industry. Furthermore, FSM exhibits impressive emulsifying
properties, significantly enhancing dispersion in soy protein isolate and
demonstrating stability across various pH levels and high temperatures
[12]. Such characteristics highlight its versatility, not just as an ingre-
dient in traditional cuisine but also in innovative food technology
applications.

Carboxymethyl cellulose (CMC), an anionic and water-soluble
polysaccharide, has emerged as a popular choice for the formulation
of biofilms due to its affordability, non-toxicity, odorlessness, non-
allergenic nature, thermal stability, and biodegradability [13,14].
However, pure CMC-based biofilms suffer from weak water resistance,
limiting their effectiveness in packaging and preserving food products
[13]. Blending CMC with other biodegradable polymers has been pro-
posed to address this constraint and improve the inherent properties of
CMC-based films for use in edible food packaging.

The latter can include antimicrobial agents, among which benzoates,
propionates, parabens, sorbates, enzymes, bacteriocins, and essential
oils, to control the microbial contamination of food products and extend
their shelf life [15]. Essential oils are natural substances derived from
plants developed as popular antibacterial and antioxidants in active
packaging [16-18]. Incorporating essential oils into active packaging
can enhance food products' shelf life by limiting spoilage microorganism
growth and reducing food deterioration [19].

Rosmarinus officinalis (rosemary) essential oil (REO) is an effective
antibacterial agent that contains various phenolic compounds, such as
carnosol, carnosic, and rosmarinic acids, which play a pivotal role in its
antioxidant and antimicrobial properties. The primary constituents of
REO include o-pinene, camphor, 1,8 cineole, and bornyl acetate [20].
Notably, 1,8-cineole, when combined with a-pinene and/or terpinene-4-
ol, exhibits a considerable synergistic effect on the penetration and
damage of microbial cell membranes [21]. In the context of our study,
the integration of REO into FSM-based films is hypothesized to enhance
these films' antimicrobial efficacy, contributing to a novel approach in
food packaging.

On the basis of the above considerations, herein we report the
preparation of FSM-based active edible films containing CMC as a
structural component and REO as an antimicrobial agent. To the best of
our knowledge, this combination has yet to be reported. The effect of
different concentrations of REO on the water solubility, water vapor
permeability, light transmission, and mechanical properties of the pre-
pared films was examined. The antibacterial features of the films against
Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus
aureus) bacteria were also assessed. Finally, a proof-of-concept of their
use in active food packaging is provided, evaluating the potential of the
films in extending apple shelf life over a specific period.

2. Materials and methods
2.1. Materials

Fenugreek seeds were purchased from a local retail store (Mazan-
daran province, Iran). Rosemary essential oil (REOQ) extracted from
Salvia rosmarinus was bought from Barij Essence Pharmaceutical Co.
(Kashan, Iran). Folin-Ciocalteu reagent (FCR), glycerol, tween 80, car-
boxymethyl cellulose (CMC), 2,2-diphenyl-1-picrylhydrazyl (DPPH),
trifluoracetic acid (TFA), and gallic acid were acquired from Milli-
poreSigma (Massachusetts, United States). Methanol and ethanol were
obtained from Chemlab-Analytical (West Flanders, Belgium). Nutrient
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broth (NB) and nutrient agar (NA) were bought from QLAB (Canada).
Staphylococcus aureus (S. aureus PTCC 1431) and Escherichia coli (E. coli
PTCC 1330) were acquired from the Iranian Research Organization for
Science and Technology (IROST; Tehran, Iran).

2.2. FSM extraction and analysis

According to our previous study, FSM was obtained through
ultrasound-assisted extraction using a 1:55 mass ratio of solid to water as
the solvent [22]. The mixture was positioned inside an ultrasound bath,
set to operate at a power level of 100 W, a frequency of 37 kHz, and a
temperature of 55 °C for 30 min. These extraction parameters were
established according to initial experiments to achieve the maximum
mucilage yield. Following the sonication procedure, the mixture un-
derwent filtration using a cloth filter to separate the extracted mucilage
from the seed biomass.

The extracted FSM's monosaccharide composition was verified using
a high-performance liquid chromatography apparatus (HPLC) (Agilent
1220 Infinity Isocratic LC). First, a specific amount of FSM underwent
hydrolysis at 120 °C for 3 h in a screw-capped vial utilizing 3 mL of TFA
solution (2 M). Next, ethanol was added to remove the excess amounts of
acid and repeated 5 times. A solution mixture of 1-phenyl-3-methyl-5-
pyrazolone (0.5 M) and sodium hydroxide (0.6 M) was introduced to
the dried hydrolysis product and then reacted for 2 h at 70 °C. After-
ward, the resulting product was neutralized by adding 0.1 mL of hy-
drochloric acid solution and going through successive extractions using
chloroform. The aqueous phase was passed through a 0.45 pm mem-
brane filter and injected into the C18 column for HPLC analysis. A
mixture of acetonitrile and phosphate buffer solution (0.1 M, pH = 7.6)
was employed as the mobile phase in an 80:20 ratio, at a 1 mL/min flow
rate.

13C and 'H nuclear magnetic resonance (NMR) spectra were acquired
using a Bruker Advance 500 MHz spectrometer (Bruker, United States)
at 125 and 500 MHz frequencies, respectively. D,O was used as the
solvent, and all experiments were performed at room temperature. The
13¢C spectra were obtained with 100,000 scans and an acquisition time of
1.1 s, while the 'H spectra were acquired with 64 scans and an acqui-
sition time of 3.1 s. X-ray diffraction (XRD) characterization was per-
formed on a Philips PW1730 diffractometer (Philips, Netherlands) with
Cu Ka radiation to establish the FSM powder's crystalline phase and
structure. For this purpose, dry FSM was finely ground using a rotary
motion with a mortar and pestle to obtain particles, and the ground
powder was poured onto the sample holder.

2.3. Preparation of FSM-based active edible films

FSM powder-carboxymethyl cellulose (CMC) blank blends were
prepared by dissolving 1 % w/v of mucilage powder, 0.4 % w/v of
carboxymethyl cellulose, and 0.4 % w/v of glycerol as a plasticizer in
distilled water. Films were produced by casting on glass Petri dishes (6
cm diameter) and kept in the plane to ensure the homogeneous thickness
of the films. The blank blend is defined as FSM/CMC. The active anti-
microbial blends were manufactured by adding different concentrations
of rosemary (REO) (1 %, 2 %, and 3 % v/v) to the FSM/CMC solution.
Due to the very low solubility of REO in water, tween 80 (0.1 %, 0.2 %,
and 0.3 % v/v) was added with REO at a volume ratio of 1:10 to the
blend solution and then homogenized at 12000 rpm for 3 min. The so-
lutions were centrifuged at 8000 rpm for 3 min to eliminate bubbles. The
resulting solutions were poured onto Petri dishes and left to dry at room
temperature and relative humidity (RH) of 38 & 3 % for 24 h. The active
biofilms are coded as FSM/CMC/REO 1 %, FSM/CMC/REO 2 %, and
FSM/CMC/REO 3 %.
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2.4. Characterization

2.4.1. Attenuated total reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR)

FT-IR spectra of the films were acquired using an FT-IR-4600 spec-
trometer (JASCO International Co. Ltd., Japan) equipped with a single
crystal diamond Pro One ATR accessory. The samples were kept in a
desiccator containing silica gel to remove the films' residual moisture
and minimize the interference in the spectrum before the analyses. The
spectra were measured by acquiring 32 scans from 400 to 4000 cm >,
with a resolution of 4 cm™! per scan.

2.4.2. Thermal gravimetric analysis (TGA)

The change in weight of the film samples was recorded via a ther-
mogravimetric device (SDT- Q600, TA Instruments CO., USA). Samples
were heated from 25 to 1000 °C at a controlled heating rate of 10 °C/min
within a Ny atmosphere.

2.4.3. Structural and morphological analysis of the films

The morphological properties and surface characteristics of the
prepared samples were studied by scanning electron microscopy (SEM)
(MIRA3, Tescan, Czech Republic) and atomic force microscopy (AFM)
(Easyscan 2, Nanosurf, Switzerland) devices.

2.4.4. Tensile test

A universal material testing machine (STM-50, Santam, Tehran, Iran)
was used to evaluate the mechanical characteristics of the prepared
films. The films were cut into 1 x 5 cm? strips and stretched at a rate of
50 mm/min. 4 specimens were tested for each film, and the mean values
were reported.

2.4.5. Thickness, moisture content, and water solubility of films

The film thickness was determined by a digital micrometer (Mitu-
toyo Corp. MDC-1 SB) with a precision of 0.001 mm. >10 random lo-
cations of the film were measured to compute the average film thickness,
which is required to calculate the water vapor permeability and tensile
features. The films' moisture content was assessed based on the meth-
odology outlined by Zhang [23] with some modifications. The prepared
samples (1 x 3 cm?) were first weighed and then located in an oven at
105 °C for one day until reaching a constant weight. The moisture
content was calculated using Eq. (1).

MC (%) =" « 100 1

MC represents the moisture content, m; represents the sample's initial
weight, and m¢ shows its final weight.

To determine the water solubility, the prepared samples (1 x 3 cm?)
were subjected to a 24 h drying period in an oven set at 105 °C, and then
their respective weights (m;) were measured. Next, the dried samples
were submerged in 30 mL distilled water (25 °C) for one day. The film
residues that did not dissolve were separated by centrifugation at 3000
rpm for 15 min, followed by drying in an oven maintained at 105 °C for
one day, and subsequent weight measurement (my). The solubility per-
centage in water (S%) was calculated according to Eq. (2) [24].

s%="5"" 100 2
P

i

2.4.6. Water vapor permeability (WVP)

The WVP of the films was evaluated using the ASTM E96-95 method,
with some modifications [25]. Circular glass cups with an entrance
surface area of 0.0032 m? were filled with dry calcium chloride (RH of 0
%) and sealed by film samples. The cups were then positioned inside a
desiccator with a controlled environment set at 75 % RH in the presence
of a saturated sodium chloride solution. The water vapor transfer rate
was assessed by regularly measuring the incremental change in the
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weight of the cup over 24 h. The WVP of the prepared samples was
calculated as the mean of 3 replications using Eq. (3):
wx X

WVP*AXMAP 3)
where w represents the water weight permitted through the sample (g),
X represents the film thickness (mm), A refers to the entrance surface
area of the cup (mz), t indicates the penetration time (h), and AP stands
for the difference in water vapor pressure existing between the opposing
sides of the film (kPa) [26].

2.4.7. Color measurements

The color of the films was evaluated using a colorimeter (Minolta CR
400, Minolta Camera Co. Ltd., Japan). Film color was assessed by
positioning it on a standard white screen. The measurements were
conducted at 6 random sections of the films with 3 repetitions. Lightness
(L) values vary from O (black) to 100 (white). Chromaticity parameters a
and b range from —80 (green) to 100 (red) and — 80 (blue) to 70 (yel-
low), respectively. The color difference (AE) was measured using Eq.

.

\/(L* — L+ (@ —a) + (b - b) @

where L* = 89.75, a* = 0.03, and b* = 1.83 indicate the color parameter
amounts used to describe the standard white background, and L, a, and b
exhibit the color parameter values of the samples [27].

2.4.8. Light transmission and transparency

The optical characteristics of the samples were evaluated via a
UV-vis spectrophotometer (TU-1901, Beijing Purkinje General Instru-
ment Co., China). The films were cut into precise sections and positioned
within the test cell of the spectrophotometer, ensuring they were aligned
perpendicular to the direction of the light beam. The transparency (T) of
the films was calculated based on the Beer-Lambert law using Eq. (5).

T% = 107X x 100 5)

where A represents the absorbance recorded at a wavelength of 600 nm,
and X shows the thickness of the film in mm [14].

2.5. Bioassay

2.5.1. Total phenol measurement

The quantification of phenol content in the films followed the pro-
cedure outlined by Chaovanalikit [28]. Briefly, 250 pL of the aqueous
film solutions (8.33 mg/mL) were combined with 250 pL of 10 % Folin
Ciocalteu reagent in a round-bottom test tube that contained 3.75 mL of
distilled water. The obtained solution was agitated using a vortex for 10
s and left in the dark at room temperature for 10 min. After adding 750
pL of sodium carbonate (20 % w/v) to the solution, it was incubated for
20 min at 40 °C in a water bath. Lastly, the reaction was concluded by
promptly cooling the sample in an ice bath. The absorbance of each
sample was assessed at a wavelength of 765 nm using a UV-vis spec-
trophotometer. The results were stated as mg gallic acid equivalents per
gram of dried film (GAE mg/g), following Eq. (6).

_C><V
M

T

(6)

where T represents the total phenolic content (GAE mg/g dried film), C
denotes the concentration of gallic acid derived from the standard
calibration curve (mg/mL), V represents the volume of the film extract
(mL), and M signifies the weight of dried film (g).

2.5.2. Antibacterial activity of the films
A suitable diffusion method was employed to investigate the anti-
bacterial properties of the prepared edible films. Gram-negative
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Fig. 1. (a) HPLC chromatogram, (b) XRD spectra, (c) THNMR spectra, and (d) 13CNMR spectra of the extracted FSM.

(Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria
were studied, as representative of common food pathogens. The bacteria
were first revived in a nutrient broth culture medium to conduct this
test, and turbidity was adjusted to 0.5 McFarland. After that, the bac-
terial suspension was inoculated into NA plates and placed in an incu-
bator at 37 °C for one day. Next, the film solutions were poured into the
hole created in the middle of the NA plates; then, they were incubated
for another 24 h at 37 °C [29,30]. The antibacterial activity was eval-
uated by quantifying the diameter (mm) of the inhibitory zone sur-
rounding the well.

2.6. Applicability of the prepared films for fruit preservation

The effect of the prepared films for fruit preservation was investi-
gated using apple as a model fruit. Whole apples were immersed in the
solutions of control film and films containing 1 %, 2 %, and 3 % of REO,
then were dried at room temperature. Their visual appearance was
regularly assessed through observation for 30 days at ambient temper-
ature and atmosphere.

2.7. Statistical analysis

All the experimental data underwent statistical analysis utilizing the
SPSS software (Version 21, SPSS Inc., Chicago, USA). Analysis of vari-
ance (ANOVA) was observed data, followed by Tukey's multiple com-
parison test to discover significant differences (p < 0.05) in mean values
from film analysis.

3. Results and discussion
3.1. Characterization of FSM

HPLC analysis was used to determine the monosaccharide compo-
sition of FSM, and the results are shown in Fig. 1a. Fenugreek seeds can
show significant variability in their composition depending on the spe-
cific subspecies and the environmental conditions in which they are
grown [31]. Hasaroeih et al. reported a high level of diversity among the
ecotypes based on the measured characters, including antioxidant ac-
tivity (48.19 to 86.85 %), phenol (0.82 to 1.51 mg gallic acid per g dry
weight), flavonoid (1.07 to 3.11 mg quercetin per g dry weight), trig-
onelline (0.02 to 0.08 mmol/1), 4-hydroxyisoleucine (0.197 to 0.906
mg/g), sucrose (0.13 to 3.77 mM), glucose (1.07 to 12.1 mM), and
fructose (13.3 to 45.5 mM) [32]. Besides, the method used to extract the
mucilage can also influence the final composition [33,34]. The extrac-
tion method applied in this work resulted in the extraction of glucose
(50.01 %), xylose (11.06 %), and rhamnose (9.42 %) as the main com-
ponents. The other minor components were fructose, arabinose, glu-
curonic acid, mannose, and galacturonic acid. A similar method, used by
Ashooriyan et al. for the extraction of Plantago ovata seed mucilage,
showed similar extracted components in the mucilage (xylose (72.31 %),
arabinose (16.08 %), rhamnose (2.65 %), galacturonic acid (2.35 %),
glucose (2.56 %), galactose (2.21 %), and fucose (1.81 %)) [35].

X-ray diffraction is a principal technique for categorizing hydrocol-
loids into crystalline, non-crystalline (amorphous), and semi-crystalline
structures. Sharp peaks indicate regular atomic and molecular ar-
rangements characteristic of crystalline structures, whereas non-
crystalline or amorphous structures produce broad halos. The X-ray
diffraction spectrum of the FSM powder is shown in Fig. 1b. A main peak
at 20 values of about 22° was noted, along with a broad halo at about
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Fig. 2. FT-IR spectra of FSM/CMC films incorporated with different amounts of
REO: (i) control, (ii) 1, (iii) 2, and (iv) 3 % (v/v).

40°. The presence of a broad peak at 26 values of about 22° has been
previously reported for different polysaccharides and their derivatives,
including hemicellulose xylan and cellulose [22,36,37]. The low in-
tensity of the peak indicates poor crystallinity in the structure of the
extracted fenugreek seed [38]. Similar results were reported for basil
seed mucilage, Plantago ovata seed mucilage, and guar gum [35,39,40].
Amorphous polymers' transparency and good gas barrier properties
make them great candidates as food packaging materials [41].

The results of NMR analysis of FSM are shown in Fig. 1c and d. The
peaks appearing in the 'H NMR spectrum at 5.304 and 4.306 ppm are
related to -R-CHO- and -CH»0-, respectively. These peaks also appeared
in 13C NMR spectra at 69.7 ppm for CHO and 61.21 ppm for CH20 [42].
In the 'H spectrum, the peaks crowded at the narrow area of 3 to 5 ppm
indicate the existence of sugar residues [43]. The peak at 63 ppm in the
13C spectrum and 4.146 and 6.622 ppm in the 'H spectrum correspond
to unbranched mannose, while the peaks at 387.68 ppm in the 13C
spectrum and 4.306 and 4.62 ppm in the 'H spectrum are ascribed to
branched Cg [44]. The closely adjacent signals observed in the 'H
spectrum of mucilage (4.15 and 3.84 ppm) is related to H-1 of a-glucose,
while the 3.55 to 3.39 ppm peaks are attributable to the OH and CH,
groups of arabinoses. Furthermore, signals in the 3.1 to 4.1 ppm range
can be ascribed to non-anomeric protons (Hy-Hg) [45].
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3.2. Characterization of the active edible films

3.2.1. FT-IR spectroscopy of the films

FT-IR spectra of the FSM/CMC and FSM/CMC/REO films are shown
in Fig. 2. The broad absorption peak in the range of 3100-3600 cm ™! is
related to the stretching vibrations of the hydroxyl (O—H) groups [46].
For the FSM/CMC film, the characteristic bands at 1311, 1633, 1546,
and 2915 cm~! are consistent with the amide IIT (C—N and N—H
stretching), amide II (N—H bending), amide I (C=O stretching), and
aliphatic C—H in CHj groups, respectively [2]. The peak at 1021 cm™!
was ascribed to the hydroxyl group of glycerol [47].

In the FT-IR spectrum of REO, a peak at 2857-2925cm ! is due to an
aliphatic C—H stretch in the oil. A broad peak between 3300 and
3500 cm ™! might be due to REO hydroxyl groups; the C=0 stretching is
observed at 1741 cm™!, and the C—O absorption of terpenoid compo-
nents is observed at 1021 cm™! [48].

In the films containing 1, 2, and 3 % essential oil, a shift of -OH peak
to higher frequencies from 3280cm ™! to 3345cm ! and a shift in
carboxyl group might be a result of the physical interaction by hydrogen
bonding between REO with hydroxyl group matrices [49,50]. Besides,
two peaks at 785 and 873 cm ™ ?, associated with the C—H out-of-plane
bending vibrations of isoprenoids, confirm the inclusion of the essential
oil in the polymer matrix [51].

3.2.2. Thermal analysis

The influence of essential oil on the thermal behavior of mucilage-
based films was investigated by TGA and its first derivative (DTG) an-
alyses. During the thermal degradation of polysaccharides, two phe-
nomena typically occur. In the first stage, the removal of bonded and
unbonded water molecules (dehydration) occurs, characterized by a
slight weight loss of up to 200 °C [52]. In the second stage, breakage and
dissociation of hydrocarbon chains occur, leading to significant weight
loss and the formation of volatile products [53]. As depicted in Fig. 3a,
for the control film and the film containing 3 % essential oil, 7.9 %, and
5.7 % weight loss occurred, respectively, in the temperature range of 24
to 160 °C, which is ascribed to the removal of water and volatile sub-
stances from the film [54]. The decreased weight loss for REO-bearing
films compared to the control indicates their higher hydrophobicity,
supported by the moisture content and water solubility results. The main
loss mass between 160 and 341 °C is associated with several processes,
including the thermal breakdown of specific polymers with low molec-
ular weight in the film matrix, the evaporation of glycerol, and the
decomposition of polysaccharide chains [53]. In this stage, the most
significant weight loss was observed for the film containing 3 % REO
(61.17 %). As can also be seen in the DTG curve, the films' thermal
endurance was decreased with increasing essential oil content, which

oM

Control
——REO 1%
——REO 2%
——REO 3%

DTG (%/min)

T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 3. (a) TGA and (b) DTG analyses of FSM/CMC control film and films containing different concentrations of REO.
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Fig. 4. (a) SEM, (b) AFM 3D surface topography, and (c) AFM 2D surface morphology images of the prepared films containing different REO concentrations.

was attributed to the interaction between the essential oil and the film 3.2.3. Active edible film morphology

matrix, causing a discontinuity in the film structure [55]. The intensity To better understand the films' morphology, the biofilm micro-
of the DTG peaks, as illustrated in Fig. 3b, displayed a direct correlation structures were investigated using both SEM and AFM. The SEM mor-
with the rate of weight alterations that occurred in the TGA thermo- phographs are presented in Fig. 4a. The smooth and homogeneous
graphic profiles. surface without cracks or fractures of FSM/CMC film demonstrated
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Table 1
Tensile strength (TS) and elongation at break (EB) values of FSM/CMC and FSM/
CMC/REO biofilms.

Film EB (%) TS (MPa)

FSM/CMC 7.21 £0.117 58.69 =+ 3.40%
FSM/CMC/REO 1 % 6.93 + 0.15% 36.71 + 4.56°
FSM/CMC/REO 2 % 6.31 + 0.24" 21.09 + 2.45°
FSM/CMC/REO 3 % 4.97 £ 0.22° 15.41 + 4.16¢

“Different letters within a column indicate a significant difference (p < 0.05).

Table 2
Physicochemical properties of the films incorporated with different concentra-
tions of REO.

WVP x10712 Thickness
(g/s.m.Pa) (mm)

Film Moisture
content (%)

Solubility in
water (%)

FSM/ 22,98 + 0.41°  29.8 + 0.24° 0.55 =+ 0.06¢ 0.03 + 0.002°
CMC

FSM/ 21.96 + 0.33°
CMC/
REO
1%

FSM/ 18.56 + 0.36”
CMC/
REO
2%

FSM/ 13.93 + 0.45°
CMC/
REO

3%

25.77 + 0.28° 0.73 + 0.04° 0.04 + 0.004"

23.07 + 0.39¢ 1.43 + 0.06° 0.05 + 0.005"

22.86 + 0.35° 1.08 + 0.05° 0.07 + 0.004"

Values are presented as means + standard deviation. *“Different letters within a
column indicate a significant difference (p < 0.05).

excellent compatibility of the components and good film-forming abil-
ity, which resulted from the interaction of FSM, CMC, and plasticizer
during gelatinization [56]. Interestingly, the formulated film containing
REO showed a smoother surface with a uniform essential oil distribu-
tion. The even dispersion of REO within the film might be attributed to
the emulsifying influence of Tween 80, which could inhibit the segre-
gation of REO droplets [57].

AFM analysis was executed to thoroughly examine the films'
morphology and surface characteristics. Fig. 4b and c represents the
films' 3D surface topography and 2D surface morphology, respectively.
The FSM/CMC film exhibited a slightly irregular surface with roughness
height, root-mean-square roughness (Ry), and average roughness (R,)
values of 312 nm, 44.32 nm, and 32.43 nm, respectively. For FSM/CMC/
REO films, the roughness height, Rq, and Ra values decreased to 112 nm,
14.75 nm, and 18.85 nm, respectively, indicating a decrement in the
films' surface roughness. These findings align with the study by Hosseini
[2] on edible films incorporating Origanum vulgare L. essential oil. They
explained that the liquid state of essential oil might cause the spread of
lipophilic droplets of essential oil across the film surface upon drying,
which filled the irregularities present on the film surface and made it
smoother.

3.2.4. Mechanical properties

The mechanical strength of an edible film is a significant property for
protecting the integrity of the food packaging during distribution and
consumption. Elongation at break (EB) and tensile strength (TS) values
of the prepared samples are displayed in Table 1. TS of the control film
significantly decreased after the addition of REO, and the lowest TS
(15.41 + 4.16 MPa) was observed for the film containing 3 % REO.
Essential oil partially replaced the strong polymer-polymer interactions
in the film network with a weaker polymer-essential oil interaction [54].
Consequently, this process weakens the network structure, leading to a
reduction in the TS of the films [26]. N. Mohsenabadi et al. also observed
such changes in the TS for starch and CMC films containing different
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concentrations of REO [16]. EB of the films loaded by 2 and 3 % REO
significantly decreased compared to the control film. The control film
had an EAB of 7.21 4+ 0.11 %, which reduced to 4.97 &+ 0.22 % for the
film containing 3 % essential oil. This can be explained by the discon-
tinuity in the polymer matrix and changes in the polymer chain in-
teractions in the presence of essential oil, leading to a mechanical
response weakness [58]. Nonetheless, the active films still maintained
ductility values compatible with their possible use as edible coatings.

3.2.5. Moisture content and film thickness

The moisture content of the films is shown in Table 2. The incorpo-
ration of REO into the films resulted in a reduction in their moisture
content, from 22.98 + 0.41 % for the control film to 13.93 + 0.45 % for
FSM/CMC/REO 3 %. This result is related to the hydrophobic nature of
the essential oil, which decreased the hydrophilic sites for absorption of
water molecules and the interaction between REO and polymer matrices
[26]. Reduced moisture content has the potential to enhance film water
resistance, inhibit microorganism proliferation, and consequently
extend product shelf life [59].

The thickness of the control film (0.030 + 0.002 mm) increased by
increasing the essential oil concentration and reached 0.070 £+ 0.004
mm for films containing 3 % essential oil, which could mainly be related
to the more significant amount of solid content in the film-forming so-
lutions. The thickness enhancement can be assigned to the entrapment
and accumulation of REO droplets in the blend film [60]. The increase in
thickness can potentially reduce the migration of solutes, thereby
contributing to product quality and safety preservation.

3.2.6. Solubility in water

The capacity to resist water or to remain insoluble is vital for
considering biofilms in food packaging, particularly in environments
with elevated humidity levels [57]. Table 2 presents the water solubility
characteristics of the films, which decreased as REO concentration
increased (p < 0.05). The solubility percentage of the control film was
29.8 + 0.24 %, while the FSM/CMC/REO 3 % solubility reduced to
22.86 + 0.35 %. The incorporation of REO enhanced the water resis-
tance of the films, which could be ascribed to the reduction in the hy-
drophilicity of the film resulting from the incorporation of the
hydrophobic REO. In addition, the interaction between REO and the
hydroxyl moieties of the polysaccharides led to a diminished affinity of
the hydroxyl groups for water molecules, resulting in lower solubility
[57,61]. A similar result was reported by M. Abadi et al., where
increasing concentrations of REO in CMC-based films caused cross-
linking in the film matrix, reducing the film affinity to water and their
solubility [16].

3.2.7. Water vapor permeability (WVP)

Mass transfer between food and its surrounding environment can
cause physicochemical changes or chemical reactions, leading to a
decline in food quality. So, preventing or reducing the water exchange
between the wrapped product and its medium is necessary [2,61]. As
shown in Table 2, all prepared films demonstrated limited water vapor
permeability (WVP). The control film exhibited the lowest WVP value
(0.55 4+ 0.06 x 10712 g/m.s.Pa), a metric that underwent augmentation
following the incorporation of REO. Notably, the film containing 2 % (v/
v) essential oil displayed the highest susceptibility to water vapor
permeation, as indicated by its elevated WVP value (1.43 £+ 0.06 x
10712 g/m.s.Pa) (P < 0.05). No visible difference was seen in the WVP of
films when 2 % and 3 % essential oil were loaded. The increased WVP
can be ascribed to the reduction of cohesion in the film and the creation
of discontinuities owing to the existence of hydrophobic essential oil,
leading to increased mass transport through the film [26,61]. Similarly,
Zhou et al. reported enhancement in WVP of cassava starch/cinnamon
essential oil films with an increment in essential oil concentration [57].
The elevated WVP levels of the films were attributed to the adverse
influence of cinnamon essential oil on the microstructure of the films.
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Table 3

Effect of different concentrations of REO on color parameters of FSM/CMC films.
Film L* a* b* c* AE
Control 92.83 + 0.67° —1.44 + 0.02° 11.02 + 0.64° 11.11 + 0.54¢ 13.02 + 0.49°
FSM/CMC/REO 1 % 90.65 =+ 0.59° ~1.95 + 0.03" 15.3 + 0.53" 15.46 + 0.41° 17.15 + 0.61°
FSM/CMC/REO 2 % 90.38 + 0.86° —2.09 + 0.02¢ 16.09 + 0.41° 16.23 + 0.43° 17.77 + 0.31°
FSM/CMC/REO 3 % 82.71 + 0.92° —2.58 + 0.04¢ 23.83 + 0.72° 23.84 + 0.39° 26.42 + 0.44°

Values are presented as means + standard deviation. *“Different letters within a column indicate a significant difference (p < 0.05).

Control

FSM/CMC/REO 1%

Fig. 5. Appearance of the FSM/CMC films with various REO concentrations.

This impact included the formation of micro-sized pores and openings
within the film structure, which ultimately improved the mass transfer
rate. The WVP amounts acquired in this study are notably lower in
comparison to those previously reported for quince seed mucilage-based
films incorporating thyme essential oil (14.91 x 107! g/s.m.Pa) [62],
k-carrageenan films containing Satureja hortensis essential oil (0.556 x
10710 g/s.m.Pa) [63], and cassava starch-based films containing cin-
namon essential oil (1.9 x 1010 g/s.m.Pa) [57], further supporting
their use in food packaging.

3.2.8. Colorimetric properties
The film's color impacts the visual presentation of packaged goods
and their reception by consumers. The effect of REO concentrations on

color values and total color difference are shown in Table 3, and the
appearance of the prepared films is illustrated in Fig. 5. The color
transparency of the films diminished with the elevation of essential oil
concentration. Increasing the amount of REO caused a reduction in the
brightness (L*) and greenness (a*) of the samples. Still, it increased their
yellowness (b*), color intensity (C*), and total color difference (AE).
Comparable findings were obtained for chitosan and starch films
incorporating pomegranate peel extract and thyme essential oil [64].

3.2.9. Light transmission and transparency

The optical transparency of edible films holds significant importance
because it can directly impact the visual quality of the coated product.
The transmission of UV-visible light between 200 and 800 nm of the

Table 4

Light transmission and transparency of FSM/CMC films with different amounts of REO.
Film Light transmission at different wavelengths (%) Transparency*

200 280 350 400 500 600 700 800

FSM/CMC 0.01 0.03 211 21.85 53.1 61.39 65.18 67.63 7.06 £ 0.32¢
FSM/CMC/REO 1 % 0 0.01 1.16 11.31 38.21 47.94 53.9 54.94 7.98 + 0.26°
FSM/CMC/REO 2 % 0 0 0.11 10.78 37.35 46.99 53.5 58.21 8.19 + 0.40°
FSM/CMC/REO 3 % 0 0 0.3 5.1 18.15 23.32 27.11 31.16 9.03 £ 0.32°

* adpjfferent letters within a column indicate a significant difference (p < 0.05).
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Fig. 6. Total phenolic content of FSM/CMC films containing different con-
centrations of REO.

Table 5

Antibacterial activity of FSM/CMC films incorporated different amounts of REO.
Film Inhibition zone (mm)

S. aureus E. coli

FSM/CMC 0 0
FSM/CMC/REO 1 % 13.22 + 0.17¢ 13.55 + 0.52°
FSM/CMC/REO 2 % 13.75 + 0.21° 13.98 + 0.25"
FSM/CMC/REO 3 % 14.31 £ 0.14% 14.92 + 0.33°

*“Different letters within a column indicate a significant difference (p < 0.05).

films containing different amounts of REO is reported in Table 4. Under
UV irradiation between 200 and 280 nm, all samples displayed excellent
absorption properties. However, in the visible light range, the films
containing REO exhibited enhanced light transmission barrier proper-
ties compared to the control film. This decrease in light transmission is
probably due to light scattering at the interfaces of the essential oil
droplets loaded in the polymer matrix [2].

REO-loaded films exhibited lower transparency than the control film.
The decrease in the transparency of edible films was associated with
reduced light transmission because of the addition of essential oils. By
increasing the REO concentration, the intensity of light scattering
increased, resulting in the opaque appearance of the films [65,66].

3.2.10. Total phenolic content

The capacity of essential oils to neutralize free radicals through their
antioxidant activity is mainly caused by their phenolic compounds. As
shown in Fig. 6, the phenolic content of the control film was 29.92 + 0.9
mg GAE/g dried film, which increased with increasing the concentration
of REO and reached 40.1 + 0.95 mg GAE/g dried film in the films
incorporated with 3 % essential oil. The potent antioxidant properties of
REO are associated with the active compounds, such as rosmarinic acid,
carnosic acid, and carnosol, as well as monoterpenes, including 1,8-
cineole, camphor, and a-pinene [20].

3.2.11. Antibacterial activity

The antibacterial activity of the films containing various concen-
trations of REO against Gram-negative bacterium E. coli and Gram-
positive bacterium S. aureus are presented in Table 5. Most of the
studies on the effect of essential oil against foodborne pathogens re-
ported that they are slightly more active against Gram-positive bacteria
than Gram-negative ones [67,68]. This phenomenon arises because of
an outer membrane in Gram-negative bacteria, which provides a
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Control

(@)

(b)

Fig. 7. Representative pictures of inhibitory zones of FSM/CMC films incor-
porated with different concentrations of REO against (a) S. aureus and
(b) E. coli.

hydrophilic surface for the bacteria that acts as a barrier against pene-
tration of macromolecules and hydrophobic substances. However, the
outer membrane does not demonstrate absolute impermeability to hy-
drophobic molecules, and when the compound passes through it, it ex-
erts antibacterial activity [69]. As shown in Fig. 7, the control film
revealed no antibacterial properties.

In contrast, the REO films showed antibacterial activity against E. coli
and S. aureus, as revealed by the inhibitory zone formed around the
wells. Furthermore, with the increase of REO concentrations, the
diameter of the inhibitory zone increased. This result was due to
phenolic compounds, including 1,8-cineole, a-pinene, and camphor,
which have lipophilic and hydrophobic functional groups [20,70].
Essential oils' hydrophobic nature allows them to penetrate the lipids in
bacterial cell membranes and mitochondria, causing membrane degra-
dation and increasing [71].

3.2.12. Effect of edible film on fruit shelf life

The impact of the prepared samples on extending the fruit shelf life
was investigated using apple as a model fruit. Fig. 8 shows photographs
of uncoated and coated apples for 30 days of storage. As can be seen, the
uncoated apple appears darker, and wrinkles develop on the skin. The
apple dipped in the control film solution also changed slightly in color.
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Uncoated

Control

FSM/CMC/REO 1%

FSM/CMC/REO 2%

FSM/CMC/REO 3%

Fig. 8. Appearance of uncoated apples and apples covered with control film
and films containing REO within 30 days.

However, the fruits dipped in the REO-containing films remained almost
unchanged over the 30-day storage period. This suggests that these films
effectively protected apples from deterioration by retarding dehydration
and possibly by inhibiting microbial growth or slowing down the
oxidation process that leads to spoilage.

4. Conclusions

In this study, native fenugreek seed mucilage (FSM) was extracted
and characterized by HPLC, XRD, lH, and '°C NMR. The composition of
FSM monosaccharides includes glucose (50.01 %), xylose (11.06 %),
and rhamnose (9.42 %). FSM-based active edible films were produced,
including carboxymethyl cellulose (CMC) and different concentrations
of rosemary essential oil (REO) (1-3 % v/v) as an active agent to prolong
the shelf life of fruit. The interaction of REO with the polymer matrices
caused peak shifts and alterations in intensity in FTIR, as well as
modifying the thermal degradation of the films. SEM and AFM mor-
phography revealed a uniform distribution of REO and smoother sur-
faces in the loaded films. Moreover, solubility tests indicated decreased
water solubility with increased REO concentration from 1 % to 3 %.
Similarly, the antimicrobial activity against Staphylococcus aureus and
Escherichia coli and the antioxidant activity of REO-loaded biofilms
escalated with the rising REO content. As a proof of concept, whole
apples were used to verify the effectiveness of our coating, and the shelf-
life assessment of dip-coated apples in all biofilm solutions indicated
that the REO-loaded biofilms effectively extended the shelf life of apples
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to 30 days. These findings confirm that FSM extract is suitable for
developing active, sustainable edible coating materials. However,
further studies on sensorial aspects and antimicrobial activity evaluation
on a larger number of microorganisms, including yeasts or molds, are
needed. In addition, practical applications of the designed biofilms for
food packaging are required to enhance the strength and applicability of
our findings.
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