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Abstract

Chitosan-based films incorporated with lemongrass (Cymbopogon citratus) essential oil (LEO) were developed and their
properties as an active food packaging were investigated. The thickness and percentage elongation at break (EAB) of
the films increased significantly (p <0.05) with the higher concentrations of LEO. At 9% LEO (wt/wt chitosan), the film
experienced a 101% improvement in percentage EAB compared to control chitosan films. On the other hand, the moisture
content, solubility and tensile strength decreased significantly (p <0.05). The water vapor permeability (WVP) was reduced
by 15% with the incorporation of 9% wt/wt LEO. Creases were observed on the otherwise smooth surface microstructure
of the films with the incorporation of LEO, which explained the decrease in the tensile strength. Confocal laser scanning
microscopy (CLSM) results showed a corresponding increase in the number of oil droplets when the concentration of LEO
increased. Incorporation of 9% LEO was found to be the most effective (p <0.05) in controlling the growth of Bacillus
cereus, Escherichia coli, Listeria monocytogenes and Salmonella typhi, showing the potential of the films as a material for

antimicrobial food packaging.
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Introduction

Current packaging materials are usually petroleum oil
derivatives based which many of those are not readily recy-
clable and environmentally sustainable. This leads to the
rise of environmentally sustainable active packaging. Active
packaging is created by adding an active substance into the
packaging material, so that it interacts with the product and
the surrounding environment to extend the shelf life and
to maintain and improve the organoleptic properties of its
contents [6, 55]. Numerous researchers have reported the
feasibility of antimicrobial active packaging systems [13,
22]. However, the technology is still not applied on a large
scale thus far [35].
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Microbial spoilage is one of the factors that lead to qual-
ity deterioration, rendering a product undesirable or unac-
ceptable for consumption and thus reducing its shelf life [14,
22]. Direct addition of antimicrobial agents is commonly
applied but it can modify the taste and quality of the food.
In addition, consumers nowadays gravitate towards products,
especially food, with natural instead of artificial additives
[21]. Therefore, new active packaging systems that possess
natural antimicrobial agent which is separated from the food
are good alternatives to current packaging systems. This is
made possible by incorporating active components in pack-
aging materials.

Chitosan is a type of biopolymer that has received much
attention as a sustainable packaging material due to its high
biodegradability, biocompatibility and antimicrobial prop-
erties [6, 17]. Chitosan is the deacetylated form of chitin,
which is a cellulose-like biopolymer commonly found in
the shells of crustaceans, insects, fungi and yeast [17]. Chi-
tosan is considered safe to be used as a food preservative,
since the US FDA has classified it as Generally Recognised
as Safe (GRAS) [18, 24]. In the application of active pack-
aging, chitosan is either used alone or blended with other
natural polymers or essential oils (EOs). It also exhibits
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good mechanical properties, excellent film forming abil-
ity and selective permeability to gasses, which make it an
ideal material to be used as food packaging. However, its
high water vapour permeability limits its uses though Atarés
et al. [10] reported that the poor moisture barrier property
of the hydrophilic chitosan was improved by the addition of
hydrophobic EO.

Cymbopogon citratus (DC.) Stapf, or more commonly
known as lemongrass, is a tall, coarse grass with a strong
lemony taste. Lemongrass is commonly cultivated in the
tropics and sub-tropics and is a perennial herb. Besides
being widely used in culinary to enhance the flavours of
cooking, its essential oil also exhibits antimicrobial activity.
The essential oils of Cymbopogon species mainly consist of
monoterpenes. Several bioactive compounds are reported in
the essential oils, which include citral, which is a mixture of
geranial and neral; geraniol, citronellol, citronellal, linalool,
elemol, 1,8-cineole, limonene, f-caryophyllene, methyl hep-
tenone, geranyl acetate and geranyl formate. Among these
bioactive compounds, geranial, geraniol and neral were
found to be effective antimicrobial compounds [4, 21]. In
fact, the antibacterial activity of LEO against a broad range
of bacteria, yeast and fungi was vastly reported in previous
literatures [1, 4, 19, 30, 36]. Previous researchers have incor-
porated LEO into edible alginate coatings for fresh-cut fruit
such as pineapple, melon and apple [13, 47, 50]. Hence, the
incorporation of LEO in chitosan film is expected to improve
the films’ antimicrobial properties. In a previous study, 0.5
and 1.0% (v/v) LEO enriched chitosan coatings were found
to be effective against fungi that causes anthracnose in bell
peppers [4]. However, there might be possibilities of trans-
ferring the LEO to the contents if the material is used as a
coating, thus imparting the characteristics scent of LEO onto
the food product [33]. The application of chitosan/LEO film
packaging might be an alternative to minimize the transfer of
LEO due to the embedded LEO droplets inside the chitosan
matrix in contrast to coating, which often requires dipping
the food into the film forming emulsion. In this case, the
volatile antimicrobial efficiency of the films is important
to ensure a relatively rapid and thorough diffusion of the
bioactive compounds in vapor phase, into the food product.

The aim of this study was to develop antimicrobial chi-
tosan-based edible films incorporated with LEO. The antimi-
crobial efficiency of the chitosan/LEO composite films was
evaluated by the Kirby-Bauer disk-diffusion method using
B. cereus, E. coli, L. monocytogene and S. typhi as the test
organisms. In practical application, not the entire surface of
a food product is in contact with the film packaging. There-
fore, the volatility of an EO is important to make sure the
active compounds infiltrate the entire food evenly. The vola-
tility antimicrobial properties of LEO were demonstrated in
arecent study, where LEO fumigation was found to be effec-
tive against anthracnose of papaya fruit without affecting
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its quality [S5]. Thus, in this study, the volatile antimicrobial
efficiency of LEO after incorporated into chitosan was tested
against S. typhi to determine the efficiency of a chitosan/
LEO composite film as an antimicrobial active packaging.

Materials and Methods
Chemicals

The powdered medium-molecular weight chitosan (450 kDa,
85% degree of deacetylation, DDA), Tween 20, and glyc-
erol (99.5% purity) were purchased from Sigma-Aldrich
Co. (St. Louis, Missouri, USA). LEO was procured from
Spectrum Chemical Manufacturing Corp. (New Brunswick,
New Jersey, USA). Glacial acetic acid was obtained from
Fisher Scientific (Hampton, New Hampshire, USA). For the
microbiological tests, nutrient agar and Mueller—Hinton agar
(MHA) were both purchased from Merck KGaA (Darmstadt,
Germany).

Preparation of Test Microorganisms for Antibacterial
Activity

The test microorganisms used in this study was obtained
from the culture collections of the Institute of Bioscience,
Universiti Putra Malaysia. The bacteria used in this study
include two Gram-positive bacteria (B. cereus and L. mono-
cytogenes) and two Gram-negative bacteria (E. coli and S.
typhi). The test organisms were streaked on nutrient agar
plates and were incubated overnight at 37 +1 °C. The cul-
tures were kept at 4 °C and were subcultured every 10 days.
For each test microorganism, a few colonies from the nutri-
ent agar plate were inoculated into 0.85% sterile saline solu-
tion and the inoculum was adjusted to absorbance of 0.08
to 0.10 under light wavelength of 600 nm with a visible
spectrophotometer (ThermoFisher Scientific, Waltham,
Massachusetts, USA), which made a microbial suspension
with bacteria amount of about 10® cfu/mL [52].

Preparation of LEO Incorporated Chitosan Films

Figure 1 shows the method of preparation of LEO incor-
porated chitosan films. The chitosan/LEO films were pro-
duced according to the method by Zivanovic et al. [62]. To
begin, 1.5 g chitosan (1.5% wt/v) was dissolved in 100 mL
of distilled water (50 +2 °C) containing 1.5 mL acetic acid
(1.5% v/v). The solution was then stirred overnight at a
room temperature (25 +2 °C) followed by a filtering pro-
cess to remove any impurities. Then, Tween 20 (0.5 mL) and
glycerol (0.5 mL) were added as an emulsifying agent and
a plasticizer, respectively. Consequently, LEO was added
into the chitosan solution, followed by homogenization
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Fig. 1 Flow diagram represent-
ing the method of preparation
of LEO incorporated chitosan
films

N

Chitosan (1.5g)

100 mL
acetic acid
solution
(1.5% vliv;
50°C)

(13,500 rpm, room temperature (25+2 °C)) (WiseTisHG-
15D, Witeg Labortechnik GmbH, Wertheim, Germany) for
three min. The concentrations of LEO were defined at 1, 3,
5, 7 and 9% wt/wt chitosan. Then, 20 mL of the emulsion
was spread evenly onto a 150 mm-diameter petri dish. The
films were dried at a room temperature for 48 h. Dried films
were peeled off manually. All the films were conditioned
in a dry cabinet at 50 + 5% relative humidity (RH) and at a
temperature of 25 +2 °C until analysis.

Thickness

The thickness of each film was measured manually using a
digital micrometer (Mitutoyo, Kawasaki, Kanagawa, Japan)
which has a sensitivity of 0.001 mm. Measurements were
taken at ten different points, evenly spaced, on the film. The
thickness values were expressed in terms of the mean of the
measurement, mean + SD.

Moisture Content

The moisture content of the film samples was determined
according to ASTM D 644-99 method with slight modi-
fications [7]. The film sample was cut into a strip meas-
uring 1x3 cm?. The strip was weighed and dried in an
electric oven (Memmert, Schwabach, Germany) at 110 °C
for 24 h until a constant weight was obtained. Each film
sample was weighed again and the moisture content of
the film was expressed in percentage moisture content and
was determined according to the equation, Moisture con-
tent=(w, — w,)/ w;, where w, represents the weight of the
sample after the drying process (g) and w, represents the
initial weight of the sample (g). The moisture content was
measured in triplicates.

—

Tween 20
(0.5mL)
Glycerol
(0.5 mL)

C oy G

overnight

Stir Homogenize
(13,500 rpm, 25 °C,

(25 °C) 3 min)

Dry
(25°C, 48 h)

Water Solubility

The solubility of the film in water was determined with
reference to method by Fundo et al. [25]. It was meas-
ured as the content of dry matter solubilized after 24 h of
immersion in water. Three pieces of film samples, each
measuring 1 X3 cm? were prepared and weighed, fol-
lowed by 24 h of oven drying at 110 °C until a constant
weight was obtained. The samples were then immersed
in 10 mL of distilled water with constant agitation. After
24 h, undissolved film was dried at 110 °C for 24 h and
the weight was recorded. The percentage of solubility was
calculated based on the equation, Solubility = (w, — w;)/
wy, where w, represents the weight of the undissolved film
after the drying process (g) and w represents the weight
before immersion (g).

Colour Analysis

The colour of each film sample was measured using a chro-
mameter (Minolta CR 300 Series, Minolta Camera Co. Ltd,
Osaka, Japan). The International Commission on Illumi-
nation (CIE) L*, a*, b* scales were used in this test. The
L* coordinate represents the lightness of the colour, where
L*=0 represents black and L*=100 indicates white. The a*
coordinate characterizes its position between magenta and
green. A negative a* value indicates green, while a positive
value indicates magenta. Finally, the b* coordinate charac-
terizes its colour between yellow and blue, where negative
and positive b* values indicate blue and yellow, respec-
tively [31]. A standard white plate (L*=93.50, a*=0.25,
b*=0.10) was used for the calibration of the chromameter.
Three readings were taken for each sample and the results
were expressed as individual L*, a* b* parameters.
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Opacity

The opacity of the film samples was determined with refer-
ence to Nur Fatin Nazurah and Nur Hanani [40]. Two strips
of film samples measuring 1 x4 cm? were placed in opposite
sides of a blank cuvette and the absorbance was measured
at a light wavelength of 600 nm with a spectrophotometer
(Shimadzu UV-VIS 1601, Japan). An empty cuvette was
used for the blank. Readings were taken in triplicates and
the film opacity was determined using the equation, Opac-
ity = Absg,y/x, where Absg, represents the light absorbance
at 600 nm, whereas x represents the film thickness (mm).

Water Vapour Permeability (WVP)

The WVP of each film sample was determined using the
standard method ASTM E96-90 with slight modifications
[9]. Each film sample was placed onto a test cup filled with
6 mL of distilled water and was secured with a rubber band.
The test cup was weighed and placed into a desiccator with
a relative humidity (RH) maintained at 50 + 5% with silica
gel and a temperature of 23 +2 °C. The test cup was weighed
every hour for 8 h and the values were rounded to the near-
est 0.0001 g. The test was conducted in triplicates for each
sample and WVP was determined according to the equation
WVP=(Am - x)/(A - Ap), where Am represents the slope of
weight loss vs time plot (g s™'), x represents the thickness of
the samples (m), A is the test area (m?) and Ap is the partial
pressure difference of water vapour across the film (Pa).

Mechanical Properties

Tensile strength (TS) and the percentage elongation at break
(EAB) of the films were determined according to the ASTM
Standard Method D 882 using the Instron Model 3365 Ten-
sile Tester (Instron, Norwood, Massachusetts, USA) [8].
Film samples of 1.5 x 9 cm? were fixed between the grips of
the machine with an initial separation of 50 mm. The initial
strain rate was fixed at 50 mm/min. A 5 kN load cell was
used. All tests were conducted in triplicates.

Scanning Electron Microscopy (SEM)

The surface microstructure of each film sample was observed
using the LEO 1455 VP SEM (Zeiss, Germany). Specimens
of all the composite films were prepared by mounting a film
piece measuring 0.5 x 0.5 cm? onto a bronze stub by double-
sided tape. Each specimen was coated with gold using SCD
005 Sputter Centre (BalTec, Pfiffikon, Switzerland) and was
viewed under the SEM under the magnification of 1000 X .
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Confocal Laser Scanning Microscopy (CLSM)

The appearance of the LEO droplets in all the compos-
ite films was observed using CLSM with reference to the
method proposed by Auty et al. [11]. The polysaccharide
phase and LEO distribution within chitosan films was
investigated. For each composite film, sample measur-
ing 1x 1 cm? was cut and placed onto a microscope glass
slide. Upon the placement of cover slip, a few drops of a
3:1 mixture of 0.01% wt/wt Nile Red in polyethylene gly-
col and 0.1% wt/wt aqueous Fast Green FCF was used to
stain the samples. The samples were washed with distilled
water to remove excess staining prior to analysis. The sam-
ples were then placed under the MRC 1024 ES confocal
scanning laser microscope (BioRad, Hercules, California,
USA). Two separate channels were used to obtain fluores-
cence images, which were a Krypton/Argon laser (405 nm
excitation) and a Helium/Neon laser (573 nm excitation).
The micrographs were acquired using a 20 X objective
lens.

Quantitative Assay of Antibacterial Activity
by Disk-Diffusion Method

The antibacterial activity of the films when they were
in direct contact with the media was evaluated using the
Kirby—Bauer disk-diffusion method. This step was per-
formed based on the method proposed by Shemesh et al. [52]
with slight modifications. Film disks of 5 mm diameter from
all the chitosan films (0, 1, 3, 5, 7 and 9% LEO) were pre-
pared and sterilized using ultraviolet (UV) rays. Under asep-
tic conditions, the disks were placed onto a MHA surface
swabbed with the standardized bacteria inoculum. Chitosan
film without LEO was used as a control. The plates were
incubated at 37 + 1 °C for 18 h and the diameter of the clear
zone which formed around the film disks was measured. The
disk-diffusion test was performed in triplicates for each con-
centration of LEO. The chitosan/LEO composite film which
exhibited the significantly (p <0.05) largest inhibition zone
was selected to be tested using the disk-volatility method.

Qualitative Assay of Antibacterial Activity
by Volatility Method

The disk-volatility test was performed with reference to
the method by Passarinho et al. [45]. MHA plates were
swabbed with the standardized bacteria inoculum. Under
aseptic conditions, chitosan film of 10 cm diameter was
attached onto the cover of the petri dish. The petri dish was
sealed and incubated at 37 + 1 °C for 18 h. Bacterial growth
was observed after the incubation period. The antibacterial
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activity of the film depended on the volatility of LEO. This
volatility test was performed in triplicates.

Statistical Analysis

All the data recorded were statistically analysed using one-
way analysis of variance (ANOVA) by the mean of Minitab
Statistical Software Version 17 (Pennsylvania, USA). The
significant differences of the readings were determined by
the Turkey’s multiple range test with the level of significance
set at p <0.05.

Results and Discussion
Thickness

The thickness of all film samples was measured to determine
the effect of LEO on the film matrices of chitosan films.
Table 1 summarizes the thickness of chitosan films incorpo-
rated with different LEO concentrations. All the films were
produced by 20 mL of the film forming emulsions. However,
the thickness of films varied between 40.30 and 52.10 pm.
It was found that adding 1% of LEO into chitosan did not
cause a significant (p >0.05) difference to the film thick-
ness, as compared to the control chitosan film. However,
the thickness increased significantly (p <0.05) from 41.80
to 47.90 pm once the LEO concentration increased to 3%.
The results in present study appear consistent with Jouki
et al. [34] that reported a similar behaviour of the films’
thickness with the addition of thyme EO, which is due to
the formation of a looser film matrix when a considerable
amount of EO is added. This suggested that polymer chains
of chitosan could not form a compact film network in the
presence of LEO Ahmad et al. [2]. The increase in thick-
ness in composite chitosan films with a higher LEO con-
centration was also supported by the findings from moisture
content analysis, which showed decreasing moisture content
with increasing LEO concentration. A previous literature

showed that the thickness of film depended on the content
that remained in the film after all the moisture has evapo-
rated [3]. Thus, a lower moisture of the film content suggests
that more solid mass would remain in the film after the films
dried and hence, increasing the thickness of the film.

Moisture Content

Table 1 shows a summary of the moisture content of all
chitosan films. In this study, it was observed that the incor-
poration of LEO, even at 1%, caused a significant decrease
(p <0.05) in moisture content of the film, from 15.74% in
the chitosan control film to 11.91%. Adding more LEO did
cause a slight (p >0.05) reduction in the moisture content,
to 2.56% in chitosan film with 9% LEO. As chitosan has
high hydrophilic nature, the control chitosan film exhib-
ited the highest moisture content, as expected. This can be
explained by the higher molecular entanglement and vis-
cosity in pure chitosan solutions, leading to higher reten-
tion of water molecules during drying of the films [25]. The
addition of LEO, which is hydrophobic, reduced the ability
of the film to adsorb and retain water molecules. Similar
finding was observed by Ghasemlou et al. [27], in which the
incorporation of 3% Zataria multiflora Boiss and Mentha
pulegium EOs caused a reduction in the moisture content of
corn starch films from 21.95% in the control films to 14.04
and 13.21%, respectively.

Water Solubility

Water solubility of the material is one of the most important
criteria when selecting an appropriate material to be used
as food packaging, especially for raw meats, seafood, fresh
fruits and vegetables, as these foods generally contain high
water content. Chitosan on its own is highly water soluble
due to its hydrophilic nature, which limits its use as a film
packaging material [60].

In present study, the addition of 1% LEO into chitosan
significantly (p <0.05) decreased its water solubility from

Table 1 Thickness, moisture content, solubility, water vapour permeability (WVP), tensile strength (TS) and elongation at break (EAB) of the

chitosan/LEO composite films

Chitosan Film with Thickness (pm) Moisture Content (%) Solubility (%) WVP (x1078 TS (MPa) EAB (%)
LEO Concentration (%) g s'm™' Pa™!)

0 40.30+3.37¢ 15.74 +£2.14% 21.77+4.99*  2.54+0.29* 15.88 +1.08% 32.53+3.598
1 41.80+3.29€ 11.91+1.054B 7.39+£0.928 2.36+0.60" 14.61 +1.78*B  37.47+4.06°
3 47.90+3.67° 7.99+1.3148 7.02+0.01B 2.29+0.03* 11.20+1.685¢  38.22+2.758
5 49.70+£2.714B 5.27+1.548 6.70 +0.56" 2.25+0.26% 9.10+0.71¢ 55.95+2.624
7 50.50 + 1.844B 3.29+1.7848 597+1.318 2.23+0.20* 8.48+1.12C 56.24 +4.074
9 52.80+2.86" 2.56+1.054B 5.22+0.438 2.15+£0.294 7.93+1.19€ 65.34+3.82%

*Mean + standard deviation in the same column with different superscripts are significantly different (p <0.05) by Tukey’s multiple range test
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21.77% in the chitosan control film to 7.39%. However,
further increment of LEO concentration in the composite
films did not cause any significant effect (p >0.05) on the
film water solubility, although 9% LEO did reduce the film’s
water solubility to 5.22%. The reduction in water solubility
was due to the hydrophobic nature of LEO. This was due to
the decrease in the number of OH bonds and the presence of
aliphatic groups in the film when oil was added. Thus, the
formation of hydrophobic portions of the film led to a less
soluble material. This caused the repulsion of water mol-
ecules, so that they were less able to penetrate and dissolve
the films. The observation in present study was supported
by the findings of Nur Fatin Nazurah and Nur Hanani [40],
where the solubility of k-carrageenan films decreased sig-
nificantly (p <0.05) with the addition of plant oils.

Colour Analysis

The colour property of film for food packaging is an impor-
tant criterion when selecting a suitable material. A lighter
film packaging is generally preferred over a darker one,
because it will not alter the original colour of the contents.
Besides, the film should be clear and not heavily tinted, so
that it will not affect the aesthetic of the food product dur-
ing display.

The parameters of L*, a* and b* for each of the film
samples are summarized in Table 2. The L* parameter which
represents the lightness of the chitosan film samples, only
exhibited a significant (p <0.05) decrease when 9% of LEO
was incorporated. For a* parameter, chitosan composite
films with 5, 7 and 9% LEO concentration were significantly
(p <0.05) lower compared to the neat chitosan film, which
indicated that the increase in LEO concentration caused the
composite films to have a slightly greenish tint. In addi-
tion, a significant increase (p <0.05) in the b* parameter
was observed with the increasing LEO concentration in the
films. The b* value of the samples increased from —2.39 in
the control sample, to 1.43 in the chitosan composite film
with 9% LEO. The changes in the colour of the film were
contributed by the colour of LEO, which is bright yellow

in nature. This finding is consistent with Ghasemlou et al.
[27] and Shojaee-Aliabadi et al. [54], where the incorpora-
tion of plant EOs into polysaccharide-based films signifi-
cantly increased the intensity of yellow colour in the films.
In addition, Ojagh et al. [41] have reported similar results
during the investigation of chitosan-based films containing
cinnamon EO.

Opacity

The opacity of film material determines its transparency
which is a crucial property in determining the suitability of
a film as packaging. Generally, a film with high transpar-
ency is preferred over opaque films. This is to ensure that
the appearance and condition of the food is clearly visible
throughout storage.

However, opaque films are preferable when exposure to
light is the cause of food spoilage. This is because sunlight,
fluorescent or incandescent light will cause photodegra-
dation in some food products. Photodegradation usually
happens when chemical reactions of food constituents are
triggered by the absorption of light. Specific components
of food, such as proteins, fats, pigments and vitamins are
usually susceptible to photodegradation. Vitamin loss is the
main damage caused by photodegradation. Besides, photo-
degradation also leads to development of off-flavours and
this might be accompanied by colour changes in the food.

In present study, higher light absorbance indicates higher
opacity of the film. The results of opacity are summarized
in Table 2. The opacity of the chitosan control film was the
lowest, at 1.16. Generally, the transparency of the films
decreased with the addition of LEO. This is due to the light
scattering effect of the LEO droplets in the chitosan matrix
[26]. The incorporation of LEO at 1-5% concentration
caused an insignificant effect (p >0.05) to the opacity of
the films. However, further increment of LEO from 7 to 9%
caused a significant increase (p < 0.05) on the film’s opacity
from 2.31 to 4.84. In present study, incorporation of LEO
increased the film’s opacity, indicating the composite films
became less transparent with the incorporation of LEO. This

Table 2 Colour properties and

) . Chitosan film with LEO  Colour Opacity (Absg)
opacity pf the chitosan/LEO concentration (%)
composite films L* a* b*
0 44.67+1.07% —1.45+0.244 -2.39+0.21F 1.16£0.19¢
1 43.70+£0.50*B —2.06+£0.234B¢ —-1.46+0.33P 1.76 £0.298¢
3 44.32+0.64" —2.05+£0.24A8 —-0.27+0.23€ 1.86+0.295¢
5 42.15+0.15€ -2.81+0.06° 0.61+0.15" 2.11+0.108¢
7 42.38+0.738C -2.74+0.30°P 0.77+0.23* 23140388
9 41.61+1.865C —2.58+£0.345¢P 1.43+0.214 4.84+0.66"

*Mean =+ standard deviation in the same column with different superscripts are significantly different
(» <0.05) by Tukey’s multiple range test
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is in good agreement with findings from Shojaee-Aliabadi
et al. [54], where the incorporation of 3% Satureja hort-
ensis oil into x-carrageenan films increased their opacity.
Similar results were reported by Maryam Adilah and Nur
Hanani [37], in which 3% Morinda citrifolia oil significantly
(p <0.05) increased the opacity of fish gelatin films. Nev-
ertheless, even at the highest concentration of LEO, all the
chitosan/LEO composite films were not heavily tinted and
their opacity was still comparable to opacity value of 4.26
obtained for low-density polyethylene (LDPE) film [28].

Water Vapour Permeability (WVP)

One major function of food packaging is to avoid or decrease
the transfer of moisture between the food and its surrounding
atmosphere or between two components of food products
with different moisture content. This is a major step in pro-
longing the shelf life of food products. Hence, WVP of a
food packaging material should be as low as possible.

In present study, a decrease in WVP was observed
with the increasing of LEO concentration, from
2.54x 1078 g s™' m™! Pa~! in the control chitosan film to
2.15x107% g s7!' m™' Pa™! in 9% chitosan/LEO films. The
decrease in WVP caused by LEO was also proven in earlier
studies, where the incorporation of lipids and waxes in chi-
tosan films was found to increase the hydrophobicity of the
material [38, 48]. The addition of LEO might have caused
a higher degree of cross-linking of the chitosan network,
leading to a lower water vapour transmission, as reported
by Oudgenoeg et al. [44].

Incorporation of hydrophobic compound composition
such as EOs in edible film usually results in a reduction of
WVP [51, 58]. The lower WVP of the chitosan/LEO films
may be caused by the hydrogen and covalent interactions
between the polysaccharide network and the polyphenolic
compounds in LEO. These interactions probably limited
the availability of hydrogen groups for the formation of
hydrophilic bonds with water, and consequently leading to
a decrease in the film’s water affinity [53]. Nevertheless,
chitosan on its own is highly hydrophilic and this might be
one of the factors which led to an insignificant change in the
WVP among all films.

Mechanical Properties

The results of TS and percentage EAB are summarized in
Table 1. It was found that TS decreased with the increase in
LEO concentration and the addition of 5, 7 and 9% of LEO
into chitosan films significantly (p <0.05) reduced their TS
as compared with the control film.

The control film exhibited the highest TS due to the
formation of a dense network of chitosan. The results for
present study corresponded with Morillon et al. [38] and

also with Rhim [48], where TS of chitosan films was com-
promised by the addition of oils. The TS of a film depends
on the intra- and intermolecular forces of the chitosan poly-
mer chains and how they interact within the network in the
film [3]. The addition of LEO disrupted the network, subse-
quently leading to a different cross-linking of the polymer,
which resulted in the lowering of the TS of the films.

The brittleness of chitosan is the innate property which
contributed to the lowest EAB of the control film when
compared to other chitosan/LEO composite films. This
finding was supported by Elsabee and Abdou [20], where
an increasing chitosan coating on starch films tremendously
decreased the percentage EAB. This is because the chitosan
used in this study has an 85% DDA, which is considered
highly deacetylated. It was shown that chitosan with higher
degree of deacetylation often showed a greater crystallinity
compared to those with lower DDA, which makes it strong
but also brittle [59].

The percentage EAB of the chitosan films has shown a
steady increase with the increasing concentration of LEO,
from 32.53% in the control chitosan film to 65.34% in the
chitosan film incorporated with 9% LEO. The addition of
5, 7 and 9% LEO into the chitosan film caused a signifi-
cant increase (p <0.05) in percentage EAB, as compared to
the control film. The higher plasticity of the chitosan/LEO
films could be attributed to the complex structures formed
between the LEO and the chitosan chains which reduced
the cohesion of the chitosan network forces subsequently
allowing them to be stretched further without breaking [32].
This observation was supported by Zivanovic et al. [62] who
also reported a decrease in TS and an increase in EAB for
chitosan films combined with EOs.

Scanning Electron Microscopy (SEM)

SEM was conducted to observe the surface of all film sam-
ples and to observe the effect of LEO incorporation on the
microstructure of the films. SEM micrographs of the surface
of chitosan control film and chitosan/LEO composite films
under 1000 X magnification are shown in Fig. 2.

It was observed that chitosan, on its own, produced film
with a surface which was visually smooth, homogeneous and
nonporous. A smooth and nonporous surface usually indi-
cates a dense network and this gave rise to strong mechani-
cal properties of pure chitosan films. With the addition of
LEO, creases and irregular shaped folds were observed on
the surface of the films and the creases were more promi-
nent with the increase in LEO concentration. The creases
might have caused the weakened TS as the LEO concen-
tration increased, supporting the current finding. The for-
mation of creases and folds were probably related to phase
separation among chitosan and LEO [20] and also because
of aggregation of the oil droplets at the surface of the films.
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Fig.2 SEM images for chitosan composite films incorporated with different LEO concentrations; 0-9%, respectively, under x 1000 magnifica-

tion

The increase in LEO content would also contribute to faster
cross-linking of the chitosan, which might alter the structure
of the biopolymer network formed [16].

From the SEM micrographs, it was proven that the surface
characteristics of the film play an important role to allow
water uptake. The rough and uneven surface of chitosan/
LEO composite films disallowed more water molecules to
be adsorbed. This could be explained by the disruption in the
cross linkages among the chitosan polymer chains upon the
incorporation of LEO, lowering the ability of the chitosan
molecules to bind with water molecules [15]. This phenom-
enon explains the decrease in moisture content of the films
with the increase in LEO concentration.

Confocal Laser Scanning Microscopy (CLSM)

Confocal laser scanning microscopy was successfully used
to observe the distribution of oil and polysaccharide in chi-
tosan-based composite films incorporated with LEO. The
LEO droplets were stained red by Nile Red which was dis-
solved in polyethylene glycol, whereas chitosan was stained
green by the aqueous Fast Green FCF stain.

Figure 3 shows a corresponding increase in the number of
LEO droplets when the LEO concentration increased from 1
to 9%. For chitosan/LEO 9% composite films, LEO droplets,
which were red in colour, were homogenously distributed
within the chitosan phase, which was green in colour. Some
of the LEO droplets were evidently larger than the others.

im @ Springer

This indicates that agglomeration of LEO droplets might
have occurred after the homogenization process, or during
the film drying process. The agglomeration might be due to
the non-polar components in LEO. It has been reported that
EOs with higher concentration of polar compounds might
reduce the interfacial tension which leads to a better drop-
let disruption during homogenization [61]. In this case, the
low polarity compounds in LEO tend to agglomerate and
form micelles in the aqueous phase. To further reduce the
LEO droplet size and to ensure a homogenous distribution,
Tween 80 could be used in place of Tween 20, because it was
found to be effective in reducing droplet size and emulsion
appearance [56].

Quantitative Assay of Antibacterial Activity
by Disk-Diffusion Method

Table 3 shows the mean values of the inhibition zones for
all films. No inhibition was observed for the control chi-
tosan film and chitosan/LEO composite film with 1% LEO.
This observation was not in agreement with previous stud-
ies which shown that chitosan exhibits innate antimicrobial
properties [6, 17, 18, 24, 57]. The absence of antimicro-
bial activity of the pure chitosan films can be attributed
to the inability of the disk to dissolve and diffuse through
the adjacent agar media in agar diffusion test method. This
is because the antimicrobial activity of chitosan depends
mainly on the protonation of amino groups in dilute acid
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Fig.3 CLSM images for chitosan composite films incorporated with different LEO concentrations; 1-9%, respectively, under the X 20 objective

lens. The LEO droplets were stained red

Table 3 Diameter of the

L Chitosan Film with LEO
inhibition zones for the test

Zone of Inhibition (mm)

Concentration (%)

organisms (B. cereus, E. coli, L. B. cereus E. coli L. monocytogenes S. typhi
monocytogene and S. typhi) for
films incorporated with different 0 n.d. n.d. n.d. n.d.
LEO concentrations; 0-9%, 1 n.d n.d n.d n.d
respectively 3 5.67+0.58° 7.33+0.58C% 6.33+0.58™ 8.00+1.00%
5 7.00+0.005° 8.67 +0.585® 8.33+0.58 9.67+0.585°
7 7.50+0.00AB® 9.67+0.5852 11.00+1.0082 11.00 +0.00%Ba
9 8.33+0.58%° 11.33+0.584° 11.33+0.584° 11.67+0.58%

*Mean + standard deviation in the same column with different capital-lettered superscripts and across the
same row with different small-lettered superscripts are significantly different (p <0.05) by Tukey’s multiple

range test

solutions, to bind to the negatively charged bacterial cell
wall, consequently disrupting the cell wall [18, 46]. In addi-
tion, chitosan was also reported to inhibit microbial growth
by selectively binding to essential metal ions and nutrients
required by bacteria [49]. Due to these reasons, the pure
chitosan films were unable to provide a clear inhibition zone
on the agar without dissolving [20].

Higher inhibition zones were observed as the LEO con-
centration increased. Previously, researchers have reported
that a possible mechanism that gives rise to the antimicrobial
effect of LEO is by disrupting the cell wall and membrane,

which results in the release of their cellular contents [1].
For all four test microorganisms, 9% LEO was significantly
effective (p <0.05) in resulting a larger inhibition zone when
compared to lower LEO concentrations. This indicates that
the incorporation of 9% LEO into chitosan was the most
effective dosage to improve the antimicrobial properties of
chitosan.

Among all four test microorganisms, the chitosan/LEO
composite, regardless of the concentration of LEO, resulted
in significantly (p <0.05) largest inhibition zones in S. typhi,
indicating that S. fyphi was more susceptible towards the
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antimicrobial activity of the chitosan/LEO composite films.
This finding was supported by Rodriguez-Nuiiez et al. [49],
where Salmonella sp. was found to be very susceptible
towards chitosan composite films. This can be attributed
to geraniol in LEO as reported by a previous study, where
geraniol was an effective bactericide against some Gram-
negative bacteria such as E. coli and Salmonella enterica
[23]. On the other hand, Naik et al. [39] have found that
Gram-negative bacteria were less susceptible towards LEO
and were not inhibited even at higher concentration. To con-
firm this phenomenon, the antibacterial activity of chitosan/
LEO films could be further tested using the Broth Dilution
Method [39].

Qualitative Assay of Antibacterial Activity
by Volatility Method

The successful application of antimicrobial activity of active
film packaging relies on the knowledge of how the antimi-
crobial compound is released from the film. A volatile anti-
microbial compound will be an advantage to the antimicro-
bial properties of the films as the volatile compound will be
able to penetrate and saturate the food [43].

In this study, a qualitative method was used to demon-
strate the antimicrobial properties of LEO in its vapour
phase. Chitosan/LEO composite films with 7 and 9% LEO
were selected for the volatility test, because they exhibited
the highest antimicrobial activity in the disk-diffusion test.
S. typhi was selected as the test microorganism, because it
was found to be most susceptible towards the antimicrobial
treatment.

Figure 4 shows the comparison of S. typhi growth
between the control plate which was not treated with any
film samples and the plates in which chitosan/LEO films of
7 and 9% were placed on the petri dish covers, respectively.
It was observed that chitosan film with 7% LEO produced an
inhibition zone of 8 cm, whereas chitosan film with 9% LEO
completely inhibited the growth of S. typhi. This shows that

7% LEO

Fig.4 Images of the zone of inhibition for S. typhi for 7% and 9% chitosan/LEO composite films in comparison with the non-composite chitosan
film for the volatility method

;m @ Springer

LEO is volatile and exhibits antimicrobial properties, even
in its vapour form. The antimicrobial effect is contributed by
the volatile antimicrobial compounds such as nerol, citral,
and geraniol, as reported by Ahmad and Viljoen [1]. The
finding is in good agreement with previous literatures, where
plant EOs such as garlic, rosemary and oregano showed vol-
atile antimicrobial properties [12, 29, 42].

Conclusions

The present study indicated that chitosan incorporated
with LEO can be used to formulate edible active packag-
ing films with antimicrobial properties. The tensile strength
(TS) of the chitosan/LEO composite films was significantly
(p <0.05) lowered by incorporation of higher LEO concen-
trations, whereas the percentage EAB of the films improved
significantly (p <0.05). The incorporation of LEO has
caused the formation of creases and irregular shaped folds
on the surface microstructure of the films which prevented
water molecules from being adsorbed, consequently leading
to the lowering of the moisture content in the chitosan/LEO
composite films.

The incorporation of 9% LEO was found to be effective
(p <0.05) in controlling the growth of all four test microor-
ganisms (B. cereus, E. coli, L. monocytogene and S. typhi)
using the disk-diffusion test, with S. #yphi being the most
susceptible bacteria. The antimicrobial activity of LEO in
volatile phase was also demonstrated in this study, in which
chitosan film with 9% LEO completely inhibited the growth
of S. typhi. Based on this study, chitosan/LEO composite
film with 9% LEO was found to have potential for appli-
cations in antimicrobial food packaging as it exhibited the
strongest antimicrobial activity and also desirable mechani-
cal, physical and optical properties. To further compre-
hend the feasibility of the chitosan/LEO films to improve
the shelf life of food products susceptible to oxidation or
microbial spoilage, the application on food product has to
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be investigated, together with specific tests on antioxidant
activity and microbial count throughout the storage period.
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