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Abstract

In this research, Oliveria decumbens Vent essential oil (OEO) at 0-45% w/w was encapsulated in cellulose acetate (CA)
electrospun fibers and then incorporated in gelatin-based films. Scanning Electron Microscope (SEM) showed more uniform
and compact surface in the neat gelatin film in comparison to the CA fiber loaded composite ones and microfibers were
perpendicular to the fracture surface. The composites showed higher tensile strength (1.3—2.6 MPa) and lower elongation
(less than 1%) than the pure gelatin film. Water solubility of the composites were significantly lower than the gelatin film
(81% VS. ~50%). The water vapor permeability (WVP) of composites was higher than the gelatin film probably due to
microscopic pinholes induced by fibers, however WVP slightly decreased by increasing OEO. The contact angle values from
79.9 to 101.5° indicating increase of hydrophobicity by incorporating the CA fibers. Inhibition zones against E. coli and S.
aureus (13.33 mm) confirmed the antibacterial activity of composites. It can be concluded that the composite gelatin films
incorporating EO-loaded electrospun fibers could enhance the mechanical and antimicrobial properties of the composites
despite increasing WVP, thus they could be potentially used for food active packaging purposes.

Keywords Active packaging - Antimicrobial activity - Cellulose acetate - Electrospinning - Gelatin - Oliveria decumbens
vent essential oil

Introduction

In the recent years, the accumulation of residues from non-
renewable and non-biodegradable sources like plastics have
raised environmental concerns and led to investigate some
alternative sources including proteins, polysaccharides, and
lipids. Several researches on these biodegradable resources
showed that these compounds are good alternatives for
replacing plastics and can be successfully used as packag-
ing materials [1]. The other attractive aspect of the bio-based
packaging is their potential to incorporate a wide range of
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natural antimicrobial/antioxidant compounds to produce
active packaging. Active packaging is a novel type of pack-
aging which can actively protect the packaged perusable
foods by releasing biologically active compounds incorpo-
rated in their structure [2].

O.decumbens essential oil (OEO) with different biologi-
cal activities, has been used in treatments of ailments for
decades. Several studies on O.decumbens essential oil (EO)
confirmed its antimicrobial activity against bacteria, yeast
and molds [3]. Therefore, loading EO in fiber mats to pro-
duce active packaging offers several advantages including
a sustained release, prolonged effect of these active com-
pounds and less/or no direct exposure to the food. Gelatin
film coated by oleoresin-loaded-polycaprolactone electro-
spun fibers [2], electrospun zein-nanofiber mats loaded with
curcumin to produce antifungal surface-coating application
[4], and well-aligned cellulose nanofiber to reinforce polyvi-
nyl alcohol composite film [5] are similar works in this area.
Gelatin is an animal protein with a broad range of applica-
tions in food and pharmaceutical industries. This polymer
is obtained from thermal denaturation of the collagen from
different sources including pig, cow, fish and poultry skins
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and bones. Gelatin is capable to form a cohesive matrix
structure, which makes it an excellent candidate for food bio-
packaging [6-9]. However, functional properties of gelatin
films are strongly depend on the hydrophilic nature of the
polymer which causes poor water resistance and mechanical
properties [10]. These problems have encouraged efforts to
achieve new strategies to improve the properties of gelatin
films including combining the gelatin films with different
polymers and/or fillers [11, 12].

Cellulose is one of the most abundant naturally occurring
polymers in the world which has good thermal and mechani-
cal stability [13]. Cellulose acetate (CA), the acetate ester
of cellulose, is one of the well-known cellulose derivatives
which is used in different films, fibers, and semi-permeable
membranes [14]. It has been claimed that cellulose and its
derivatives are able to enhance the mechanical and barrier
properties of gelatin films [15]. Although the combination of
carbohydrates and proteins has been widely studied, there is
limit information about using of electrospun CA fibers in the
protein-based films as a potentially new method to produce
nanocomposite packaging films.

Electrospinning is a relatively new method to produce
non-woven ultra-fine fibers. In this method, an electrode
from a power supply is used to charge a viscose polymeric
solution in a syringe. As a result of the electrical field, a
charged jet of polymer is produced at the tip of the nee-
dle and pulled toward a cylindrical collector covered by an
aluminum foil. In this the process, the polymeric solution
converts to ultra-thin fibers by evaporating solvents under
the electrical field between the needle and metal collector
[16]. The resultant fibers bear unique characteristics such
as highly porous structure and high surface-to-volume ratio
which make them a good candidate for incorporating func-
tional additives [17].

Therefore, we would expect that by incorporating OEO-
loaded fibers into the film forming solution, a novel type
of active composite film with enhanced antimicrobial and
mechanical properties to be fabricated.

To sum up, although gelatin is an excellent film-forming
material due to its abundance, low price, biodegradability
and easy to be casted into film, there have some weaknesses
that limit its usage including high WVP, high water solubil-
ity and low mechanical properties. Therefore, to overcome
those problems, we used cellulose acetate electrospun fibers
to improve their physicochemical and mechanical proper-
ties. In addition, we used electrospun fibers as a carrier to
encapsulate O.decumbens essential oil at different levels to
add antimicrobial properties into our composite films.

Material and methods
Materials

Cellulose acetate was purchased from Sigma-Aldrich Co
with the average M, ~ 30,000 by GPC and 39.8 Wt. % acetyl.
Gelatin type B from bovine skin with gel strength ~225 g
bloom was also obtained from Sigma-Aldrich Co. Extra pure
acetic acid and acetone were prepared from Dr. Mojallali
Chemical Industry Complex (Tehran-Iran) and used without
further purification. O. decumbens essential oil was obtained
from Tabib Daru Pharmaceutical Co (Mashhad Ardehal—
Kashan -Iran). Mueller—Hinton agar and broth were pur-
chased from Sigma-Aldrich Co.

Electrospinning

Electrospinning solutions were prepared by dissolving
12% w/w CA in acetone: acetic acid (1:2 v/v) solvent
was added then the mixture was stirred at the room tem-
perature for 5 h. The OEO was added to the solutions at
different ratios of 0, 15, 25, 35 and 45% v/w (v/w with
respect to the dry weight of CA polymer) and the mixture
was stirred for 1 h before electrospinning. The obtained
solutions were loaded into a 10-mL plastic syringe with a
22-gauge needle (0.7 mm OD X 0.4 mm ID) and pumped
at a constant rate (2 mL/h). A rotating cylindrical metal
(100 rpm) covered by aluminum foil was used as a collec-
tor at a distance of 7 cm from the needle tip. The applied
voltage was 17 kV, and in order to achieve fiber mats with
a constant thickness, the process lasted 10 h for all treat-
ments. All samples were prepared in an electrospinning
device (NanoAzma, Three Side Lab ES, Iran) at 20 °C and
50% relative humidity [18].

Film preparation

Composite films were prepared based on the previously
reported method with minor modifications [19]. To put it
briefly, 2 g of gelatin powder was dissolved in 100 mL dis-
tilled water at 50 °C and 20% glycerol (w/w of dry gelatin)
was added to the solution. Each piece of CA fiber with the
size of 6.4x 10 mm was placed in plexiglass plates -at the
same size- flatly followed by pipetting 20 mL of the gelatin
solution. Each piece of CA fibers had 0.08 g weight. The
samples were then dried at 40 °C in a circulating air oven
(Memmert UF30m) for 24 h.
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Water vapor permeability (WVP)

Barrier properties of the films against water vapor were
tested according to ASTM E96-00 [20]. The film samples
were tightly sealed to the cup mouths (14.15 mm ID), which
they were previously filled with dry silica gels and placed in
a desiccator containing distilled water at the room tempera-
ture. The cups were weighted after every 1 h intervals for up
to 12 h. WVP was calculated as follow (Eq. 1):

_ Gx
ADp @)

where x is the average film thickness (m),A is the exposure
area of the film (m?), G/t is the slope of gain weight curve,
and Ap = Py(RH, — RH,) R, and R, is the real water pres-
sure difference (Pa) across the film (P, referred to saturated
water vapor pressure at the test temperature).

Solubility in water

The solubility of the films was measured according to the
previously reported method [21]. All samples were cut,
weighted with 0.0001 g accuracy and placed in a circulating
air oven for 24 h (105 °C). Dried films were then weighted
again, followed by immersing in 30 mL distilled water for
24 h after that passed through filter papers (Whatman No.1).
The filter papers with insolubilized film matters were placed
in the oven for 24 h (105 °C) and weighted again. The solu-
bility of films was calculated as Eq. (2):

W.— W,
%FS = — 1

x 100 @)

L

where W, refers to the initial weight of dry film (g), and W,
is the weight of dry insolubilized film matter.

Morphological study

The morphology of films was studied using a scanning elec-
tron microscope (SEM). Both sides of the films (rough and
smooth) and the cross-section of the film with 45% EO were
analyzed by TESCAN MIRAIII (Czech Republic) with a
magnification of 10-50 kx. Before scanning, all samples
were cut into small sizes and carefully covered by a gold
layer [22].

FTIR analysis
FTIR spectrum was recorded using a spectrophotometer
(Thermo Nicolet Avatar, USA). The composite films without

further preparation were completely scanned at the range of
600 to 4000 cm™".

@ Springer

Mechanical properties

The tensile strength (TS) and elongation at break (EAB) of
the films were calculated using a texture analyzer (Texture
Pro. CT V1.6 Build26, Brookfield Engineering Labs, Mid-
dleboro, MA, USA) according to ASTM D882-02 [23]. In
brief, all samples were cut into rectangular shape (1 X 10 cm)
and conditioned in a desiccator at 25 °C and 55% RH for
3 days before the analysis. The samples were mounted
between grips with initial distance of 40 mm and crosshead
speed was 60 mm/min. the used load cell was 30 kg.

Contact angle measurements

The sessile dropping technique with a DSA25 Drop Analysis
System (Kruss, Hamburg, Germany) was used to measure
the contact angle of the films. The Millipore grade distilled
water (15 pl) was used as a wetting liquid. The value of 6
was measured on both sides of the droplet and averaged [24].

Antibacterial activity

The antibacterial activity of the films against Escherichia
coli (ATCC 25,922) and Staphylococcus aureus (ATCC
25,923) was analyzed by the disc diffusion method [25].
Briefly, 100 pL of fresh microbial suspensions equal to 0.5
McFarland turbidity was smeared on Muller Hinton agar,
then each sample was cut into a disc shape of 9 mm diam-
eter and placed on inoculated plates and incubated for 24 h
at 37 °C. The diameter of the inhibition zone was measured
using the following equation (Eq. 3):

area of inhibition zone — area of film

antibacterial index =
area of film

3)
Statistical analysis

All experiments were performed in triplicate (n=3) and a
completely random design (CRD) was used. The analysis
of variance (ANOVA) was done, and a means comparison
was performed by Duncan test. The significant probability
value was determined at P < 0.05. The statistical analysis
was conducted using Statistical Package for Social Science
software (SPSS version 16.0).

Results and discussion
Water vapor permeability (WVP)

Our findings showed that the neat gelatin film had a signifi-
cant lower WVP (around 1.08 x 107° (gr/pa.h.m)) compared
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Fig. 1 The water vapor permeability of neat gelatin film; bilayer gela-
tin/cellulose acetate film contains 0-45% O. decumbens essential oil

to the composites which is similar to what reported by Car-
valho et al. [26]; they reported that the WVP of Atlantic
halibut skin gelatin was equal to 12 x 10% (gr.mm/h.cm>.
Pa). However, in our study it was observed that incorpo-
rating the CA fibers in gelatin film led to an increase in
WVP. In addition, the highest water vapor permeability
was observed in composite films containing 0, 15 and 25%
OEO (Fig. 1) which was significantly higher than the neat
gelatin film. On the other hand, an increase in the %OEO
content of fibers (35 and 45%) caused a slight decrease
in WVP. However, it was not significantly different from
other treatments.

Water vapor permeability is mainly influenced by the
hydrophilic and/or hydrophobic nature of each component,
the film-forming process, the volume of the other layer and
its dispersion in the film matrix, defects and cracks in film
after drying, and the structural configuration of a constitu-
ent. In our study, despite the hydrophilic nature of gelatin,
the neat gelatin film had the lowest WVP compared to the
composites (0, 15, 25% OEO). The gelatin film showed a
smooth and uniform surface without any noticeable defects,
which was an indication of a more compact structure than
composite films (see SEM images). It seemed that embed-
ding electrospun fibers in the film matrix gave rise to more
microscopic cracks and defects. These findings were similar
to those obtained by Abdulkhani et al. [27] who investigated
WVP of soy protein isolate films reinforced by CA fiber
mats. The WVP reduction in composite films with 35 and
45%0EOQ could be related to the existence of hydrophobic
OEQO in the film structure. In other words, after electrospin-
ning the solutions with higher OEO% content, the amount
of remained OEO was enough to decrease WVP, although
not significantly, and we believed that most of the OEO con-
tent in the solutions with lower amount (15 and 25%0 EO)
evaporated. Ahmad et al. [25] reported that the hydropho-
bic nature of essential oil incorporated in fish skin gelatin

film caused a decrease in WVP, which is consistent with
our results.

Solubility in water

Our results revealed that pure gelatin film dissolution in
water was around 81% (Fig. 2) which was similar to other
studies on gelatin film [25, 28]. Furthermore, the solubility
of other samples that contained partially insoluble CA fiber
mats was around 40 or 50% which was remarkably lower
in comparison with gelatin film. However, there were no
statistically significant differences between composite films.

The high number of polar groups in the gelatin chains
makes it possible to create hydrogen bonding with water
molecules. It explains the high solubility of the gelatin
film in water. To be more precise, more hydrogen bond-
ing between water and gelatin causes more solubility in the
water [29]. In addition, it has been reported that the elec-
trospinning process can alter the orientation of -OH and/or
acetyl groups of CA in a way that the electrospinning makes
it more hydrophobic than bulk CA [30]. This explanation
would explain the solubility behavior of our composites.
The addition of OEO seemed to be insignificant regard-
ing water solubility since most of OEO evaporated during
electrospining.

From the practical point of view, using biodegradable
film for food packaging requires them to be resistant to water
or moisture to retain their protective function during the stor-
age. The amount of absorbed water by polysaccharide and/
or protein-based films is a determinant factor to use them as
a packaging material. Most of the biopolymers absorb water
molecules at the first step and this process causes a change
their structures and consequently change in their water solu-
bility [31]. In our study, we noticed that the solubility of
composite films was considerably decreased by embedding
the electrospun structure. Indeed, the CA fibers protected the
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Fig.2 Solubility in the water of neat gelatin film; bilayer gelatin/cel-
lulose acetate film contains 0-45% O. decumbens essential oil
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film structure during dissolution in a way that the entrapped
gelatin molecule between fibers remained insoluble. These
reasons can explain the less solubility of composite films
in comparison to gelatin film. Reduced water solubility
of laminated films has been reported in previous studies;
Pereda, Ponce [32] confirmed the reduced solubility of chi-
tosan film laminated to gelatin film (25%) layers of poly-
lactic acid (90%) in water versus the neat gelatin film.. In
addition, Rhim et al. [33] found that the solubility of soy
isolated protein film laminated to three layers of polylactic
acid reduced to 90% of its original weight.

Morphological study

Figure 3a and b show both sides of the neat gelatin film at
two magnitudes. Both sides represented a compact surface
without a porous structure without any phase separation.
However, a grainy surface structure was observed on the
side exposed to drying air that may be attributed to small
agglomerated gelatin particles during the drying process.
The dense and non-porous structure of gelatin films without
any fracture has been reported in previous studies [25, 34,
35].

The surface of composite film is shown in the Fig. 3c
and d. Compared with the neat gelatin film, the composite
film surface became slightly rough and exhibited a wrinkled
cloth structure. The film forming solution seemed infiltrated
into CA-non-woven mat and filled the micropores, however
the orientation of impregnated fibers retained the original
characterization (Fig. 3e and f). Cai et al. [5] reported that
impregnated electrospun CA fibers into which PVA resin
diffused had a rougher surface than PVA film, in addition
they showed that PVA filled all porous between fibers and
made the composite films more transparent than electrospun
fibers. Their results were in good accordance with our results
(Fig. 4). The rougher surface of the composite film could
be the result of diffusing and drying gelatin solution into
non-woven mats, hence it shaped like the wrinkled structure
of CA layer with higher surface roughness. In addition, the
thickness of the films was increased by adding the cellulose
acetate fibers (Figs. 5, 6 and 7).

The cross-section images of the composite film with two
different magnitudes are shown in Fig. 3e and f, respectively.
According to the results, the composite film was composed
of two parts (Fig. 3e), the gray area was gelatin, and the
spots were broken ends of CA fibers containing OEO. The
porous structure of the non-woven mat facilitated the inter-
penetration of the gelatin biopolymer into the CA layer
(Fig. 3c and d). Almost all fibers were perpendicular to the
fracture surface. This is an evidence that electrospinning is
able to form a film of fiber mats which are vertically aligned
along the cross section of the film and individual fibers do
not immerse in the polymer solution. However a few flatly
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layered fibers were observed on the fracture surface that
might be the result of pull-out the fibers whose ends were
close to the fractured surface [5]. Besides, lack of debond-
ing between the fibers and film-forming solution as well as
the rough ends of broken CA fibers in cross-section images
depict a strong adherence in fiber/gelatin interface. Similar
results were reported by other researchers [5, 36, 37], who
observed this arrangements of fibers in epoxy, PVA, and
ethylene oxide/epichlorohydrin copolymer composite films
were perpendicular to fracture surface. Their findings are in
good agreement with our results. Both rough broken ends
and pull-out phenomena have been reported as a result of
stress transfer from gelatin matrix to the fibers, means that
CA fibers act as reinforcing agent in the composite film (see
also tensile strength, Fig. 8b) [5, 19]. The high numbers
of hydroxyl groups on the surface of CA fibers could form
hydrogen-bonding interactions with hydroxyl polar groups
of the gelatin. This interaction force became stronger due to
the higher specific surface area of the fibers than balk CA.
However, despite the good interfacial adhesion between fib-
ers and gelatin, higher magnitude of SEM images (25 and 50
kx) depicted a small number of microscopic cracks. These
cracks, although not large enough to affect the force transfer,
were quite enough to influence water vapor permeability
(Fig. 1) therefore we could see that WVP of the composites
increased despite improving mechanical properties of the
films (Figs. 1 and 8a, b respectively).

FTIR analysis

The FTIR analysis of gelatin film (Fig. 5), demonstrated
a stretching absorption peak at 3291 cm™' assigned to
N-H amid type A, an absorption peak of about 1527 and
1621 cm™! (C=0) represented amid II and amide I, respec-
tively. Plane vibration of C-N and N-H groups related to
amide bonds with C-H, of glycinin and proline side chains of
gelatin at 1221 cm™~! was very similar to the results reported
by Shahiri Tabarestani, Sedaghat [24]. They observed simi-
lar absorption peaks for fish skin gelatin films plasticized
by glycerol.

The FTIR results of gelatin/CA composite film without
essential oil revealed two strong and broad absorption peaks
at 1100 and 1300 cm™! assigned to C—O—C etheric absorp-
tion which was shifted from 1120 cm™' due to the resonance.
Plane vibration of C-N and N-H groups of amide bonds with
C-H, (glycinin) or proline side chains of gelatin was also
observed at 1226 cm™!, and its shift from 1221 cm™! can
be explained by hydrogen bonding between CA layer and
gelatin film. It appeared that in 1631 cm™!, the C=0 peak
assigned to amide II in gelatin was overlapped by the ester
peak (O=C-O) of cellulose and N-H bending vibration of
amide I (gelatin). A N-H stretching vibration at 3278 cm™!
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Fig.3 SEM images of both
sides of neat gelatin film (a

and b respectively), CA-gelatin
composite film (¢ and d respec-
tively), and the cross-section

of the composite film (e and f).
The magnitudes were 10 kx and
50 kx
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Fig.4 a Bilayer film, b Neat gelatin film, ¢ Electrospun non-woven
mat sheet

of amide A of gelatin was also observed. All observed peaks
were similar to previous studies [24].

A C-0O-C (ether) symmetric stretching vibration was
assigned to the band at 850 cm™! in cellulose acetate. The
sp3 C-H stretching band assigned to cellulose was observed
at 2917. However, a CH, and CH; bending vibration at 1521
and 1442 cm™! respectively related to cellulose acetate over-
lapped with stretching amide II band vibration. Liakos et al.
[38] reported that the C=0 ester band of cellulose acetate
appeared at around 1750 cm™!, which was similar to our
absorption peak.

Fig.5 FTIR analysis of neat 120
gelatin film, bilayer gelatin/
cellulose acetate film contains = 100
0 and 45% O. decumbens essen- £
e : . o 80
tial oil (the blue line: gelatin 2
film, the red line: gelatin/cel- £ 60
lulose acetate film 0%, the green ﬁ
. . c 40
line: gelatin/cellulose acetate o
film 45%) “ 920

The FTIR spectrum of composite film containing 45%
essential oil showed absorption peaks as follow: a peak
attributed to non-aromatic ring (y-terpinene) overlapped
with an amide band was observed at 1632 cm™!. Two sharp
peaks should have existed in the range of 1400 to 1600 cm™"
assigned to aromatic rings (all essential compounds exclude
y-terpinene) have been overlapped with shifted bending
vibration of cellulose acetate (1443 and 1529 cm™! respec-
tively). This might have shown hydrogen bonding between
cellulose acetate and essential oil. Other peaks in the spec-
trum were similar to the composite film without essential
oil. The slight differences between peaks may be related
to hydrogen bonds between the essential oil compounds
and gelatin/CA film. The Aromatic compounds in the O.
decumbens EO, including carvacrol (a phenolic oxygen-
ated monoterpene), thymol (a phenolic monoterpene),
p-cymene (a monoterpene C4H, ) as well as y-terpinene, a
non-aromatic monoterpene compound, have been reported
in previous studies [3, 39]. The peaks appeared at 812 cm™!,
and 1632 cm™! were assigned to the para, and gamma com-
pounds, respectively. However, y-terpinene and p-cymene
are biological precursors of thymol. The thymol is also an
isomeric form of carvacrol [40]. Different absorption peaks

Amid Il
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Fig.6 SEM images of CA fib-
ers (left 0%, right 45%)
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film and the composite gelatin/cellulose acetate film contains 0-45%
O. decumbens essential oil

in the FTIR spectrum confirmed that the essential oil was
entrapped in electrospun structure. In comparison with the
composite film without OEO, some shifts that appeared in
the composite containing OEO peaks may represent hydro-
gen bonding between volatile compounds and cellulose ace-
tate functional groups. These findings are perfectly matched
with those reported by Liakos et al. [38], Kamal [41].

In general, when a fiber mat is added to a gelatin film, the
peak absorption intensity of amide A at 3200 to 3300 cm™!
regions is significantly lowered. This maybe the result of
less hydrated chains of gelatin as a result of water molecules
absorbed by CA fibers [42].

Mechanical properties

Figure 8a and b showed elongation at break (EAB) and ten-
sile strength (TS) of films, respectively. The effect of the CA
layer on EAB was inevitable, as the neat gelatin film had the
highest EAB among samples and there was no significant
difference between composite films (p <0.05). It seemed
that the electrospun structure in gelatin film significantly
decreased the tensile properties of films (p < 0.05), while the
amount of OEO in fibers had no significant effect on EAB
values. This could be due to the fact that during electrospin-
ning process and solvents evaporation, some amount of OEO
evaporated and the residual amount played no important role
in EAB. This result was aligned with our antimicrobial test
(Table 1). The EAB of films was controlled by the CA as its
value for the neat gelatin film was 2.76%; this was approxi-
mately 4 times that of composite films. In the gelatin film,
glycerol as a plasticizer acting as a lubricant between pro-
tein chains and increase the film elasticity [24]. Although
glycerol was used in the formulation of composite films, the
strengthening effect of the electrospun layer was more pro-
nounced than the plasticizing effect of glycerol. On the other
hand, the TS of gelatin film was remarkably lower than com-
posites; however, the TS got increased when the essential oil
increased from 0 to 45% (1.37 and 2.68 MPa, respectively).
Contrary to EAB, the tensile strength seemed to be affected
by the amount of OEO (Fig. 8b). This may be related to the
increasing fiber diameter because of an increase in OEO
content in the electrospun solution (Figs. 6 and 7). Owing
to the fact that an increase in %OEQ content in the elec-
trospining solution may results in lower conductivity and
consequently decrease the electricity at the tip of needle,
the fibers with higher diameter are produced [43]. Based on
the results of Zhang and Hsieh [44], electrospun fibers with
higher mean diameter had higher mechanical strength than

Table 1 Inhibition zones of neat gelatin film; and bilayer films con-
taining different concentrations of O. decumbens EO against E. coli
and S. aureus

Treatment Inhibition zone (mm)

E. coli S. aureus
Neat gelatin 0? 0°
%0 GC o¢ 0°
%15 G/C o¢ 0°
%25 GC 11+ 1° 12.33+ 0.57°
%35 GC 1233+ 0.57° 13+ 1°
% 45 GC 1333 +0.57° 1333+ 1.52°
Pure OEO 21.1+0.61° 31+0.68°

Values are the mean+standard deviation of triplicates. Mean with
different letters in indicating a significant difference between treat-
ments (P <0.05)
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those with lower diameter; their results were in accordance
with our results. Furthermore, during the tensile test, the
uniaxial orientation of CA fibers positively affected the force
transferring to composite film. This means that the CA fibers
acted as a bridge in the gelatin matrix and prevented defects
and cracks induced by tensile strength. Similar results are
reported by Chen and Liu [19] who studied soy protein films
reinforced by electrospun cellulose nanofibers. Wang et al.
[45] also revealed that a montmorillonite/chitosan-poly (eth-
ylene oxide) nanofibrous membrane could enhance mechani-
cal properties of poly (vinyl alcohol-co-ethylene) composite
film.

The mechanical properties of the composite films depend
on several factors including adhesion and compatibility
between polymer matrix and reinforcing agent (i.e., CA fib-
ers), stress transfer efficiency due to reinforcing agent, the
volume ratio and the aspect ratio of reinforcing agent, the
direction of the fibers and the degree of crystallinity of the
film matrix [46]. In our study, the direction of fibers was
parallel to the force direction. In all samples, the size and
weight of the electrospun fibers were the same and there
was a good adhesion between two layers. These findings
are in good agreement with Abdulkhani et al. [27]; they
reported that most of the fibers were parallel to the direction
of applied load and there was high-stress transfer efficiency
which in turn led to a noticeable decrease in EAB and an
increase in TS.

Contact angle measurements

The results presented in Fig. 9 shows that our composite
films have moderate wettability with contact angles from
79.9 to 101.5°. According to our results, the contact angle
was affected by both gelatin and CA fibers as well as the
essential oil content (p < 0.05). The hydrophilic nature of
gelatin led to the reduction of contact angle; however, it
is worth noting that despite the hydrophilic nature of bulk

120
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40

Contact angle (6)

]
20 L
L

GC15% GC 25% GC35% GC45%

OEO-composite films (%)

G GC0%

Fig.9 The contact angle of neat gelatin film; bilayer gelatin/cellulose
acetate film contains 0, 15, 25, 35 and-45% O. decumbens essential
oil
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CA, electrospun CA fibers showed a less hydrophilic prop-
erty. Therefore, the composite films had significantly higher
contact angle compared to gelatin film. Thakur et al. [30]
reported that the above-mentioned difference could be attrib-
uted to the different orientation of the functional groups on
the surface of electrospun fibers. It is worth remembering
that CA contains both hydrophilic and hydrophobic mol-
ecules, -namely OH and —CH;COO groups respectively,
and after electrospinning of CA solution, the orientation of
acetyl groups on the surface of fibers make it more hydro-
phobic than bulk CA [30]. Taking into account the classifica-
tion of contact angle method, contact angle ranging from 0
to 90° implicates the “wettable” surface of the film, whilst
a 90-180° range of contact angle demonstrates a “partly
lipophilic” film surface [47]. Neat gelatin film showed the
most hydrophilic surface with the contact angle around 79.9°
classified as “wettable”. It is well-known that most essential
oils are non- or less-polar molecules with a lipophilic nature
[48], therefore, incorporating the OEO into the fibers that
creates hydrogen bonding with CA fibers, might presum-
ably lead to less hydrophilic surface of the films. Based on
Sahraee et al. [47] report, adding 0.3 g/g or less of corn oil
to gelatin-based nanocomposite films reduced the wettability
of the film surface.

Antibacterial activity

Our results showed that gelatin film and bilayer film without
OEO had no antibacterial properties (Table 1). The inhibi-
tion zone diameter against E. coli increased with increasing
the %OEO in a dependent manner. The highest inhibition
zone was observed in films containing 35 and 45% OEO,
approximately around 12.33 and 13.33 mm, respectively.
However, there was no significant difference between differ-
ent %OEO-loaded films. The similar results were found for
S. aureus and although there was no observed pronounced
difference, the inhibition zone increased from 12 to 13.3 mm
for 15 and 45%0OEO incorporated films, respectively.

In general, our findings represented a slightly higher
antibacterial activity against S. aureus. Similarly, Amin
et al. [49], Esmaeili et al. [50], and Hojjati and Ghodsi [3]
reported that the main components of the O. decumbens EO
were thymol (26.9%), carvacrol (25%), p-cymene (13.3%),
and y-terpinene (11%). Our FTIR results also confirmed the
presence of OEO in CA fibers and the antibacterial test, in
turn, revealed its antimicrobial activity. In addition, Hojjati
et al. [3] reported that the antibacterial effect of the OEO
was higher against G* bacteria rather than G~ which was in
accordance with our results (Table 1).

Electrospun fibers can be used as a novel encapsulating
agent for bioactive compounds like OEO. High aspect ratio,
micro or nano-sized pores, and high porosity are the main
characteristics through which the fibers can perfectly play
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their carrier role for drug delivery and controlled release of
loaded drugs or nutrients [51]. OEO-loaded fibers have been
investigated by several researchers [52—54]. In our research
pure OEO inhibition zone against E. coli and S. aureus was
21 and 31 mm respectively, while composite film contain-
ing 45% considerably had lower activity against mentioned
bacteria. These results could be explained by the low solubil-
ity of the CA layer. The high concentration of encapsulated
OEO in fibers could not be released in a short time, thus the
CA layer swelled slightly inside the agar medium, therefore
the inhibition zones around film discs were not clear and
hardly detectable. In this regard, Liakos et al. [38] reported
that three different OEO incorporated in CA fibers repre-
sented an unclear inhibition zone, which was consistent with
our results.

Conclusion

In the current study, a composite gelatin/CA active packag-
ing film with higher mechanical properties and antimicrobial
activity was produced by incorporation EO-loaded fibers
into gelatin-based films. The resultant films with 35 and 45%
of essential oils had 13.33 mm of inhibition zones against E.
coli and S. aureus. CA non-woven mat decreased the water
solubility of the composite films because of different ori-
entation of OH and/or acetyl groups on the fiber surfaces.
However due to some cracks and pinholes induced by incor-
poration of fibers, WVP of the composite films increased.
On the contrary, increasing OEO content in the CA fibers
slightly decreased the WVP of composite films. Neat gelatin
film showed the lowest contact angle while by adding the
CA fibers and OEO content this parameter increased.

Our results suggested that by incorporating 45% EO
into CA electrospun fibers, the mechanical properties and
water resistant of the composite films improved and those
films could effectively inhibit bacterial growth. Our results
showed these kind of composite films can be used as new
film packaging material for food industrial purposes.
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