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ABSTRACT: A novel edible film was developed using Lallemantia peltata (L.) seed gum (LSG), and its water
sensitivity, physico-mechanical, barriers, microstructural and thermal properties as a function of glycerol
concentration (20, 30, 40, 50 and 60% w/w) were studied. Different models were also used to investigate the water
sorption of the LSG films. Unplasticized LSG films were brittle and difficult to handle which were effectively
modified by glycerol addition. Water sensitivity, oxygen permeability, and elongation of LSG films were increased
with increasing glycerol concentration. Also, increasing of glycerol concentration resulted in reduction of tensile
strength, glass transition temperature (Tg) and melting temperature (Tm) of the films. Electron scanning micrographs
revealed a smooth surfaceand compact cross-section microstructure in LSG films.The films showed sigmoid shape
type Il water sorption isotherms, representing typical features of most of biopolymers. Accordingly, the results suggest

that LSG films containing desired glycerol concentration could potentially be used as edible films in food packaging.

INTRODUCTION

The current global application of petroleum-based plastics
has to be restricted due to the environmental concerns
related to the non-biodegradable nature of plastic letting
them persist for thousands of years after disposal.
Moreover, they can break down into harmful
microfragments which can easily leach into the surrounding
environments and be a tread for living organisms [1, 2]. As
a promising alternative, biodegradable materials have
gainedgreat interested in packaging industries due to their

immense advantages compared to the non-biodegradable

plastic films. Edible films offer a way to reduce disposal of
plastic packaging as well as extension in the shelf life of
foods, and may minimize microbial growth in the product
[3-6]. This type of films can be produced using
biopolymers included polysaccharides, proteins, and fats;
however, carbohydrates are more attractive due to their
abundant resources.

In several studies, edible films have been developed using a
wide range of polysaccharides, such as chitosan,

carrageenan, agar, starch, cellulose, alginate derivatives [7].
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Most recently film forming capacity of novel resources
such as psyllium seed mucilage [8], tara gum [9], basil
seed gum [10], cashew gum [11], and Lepidiumperfoliatum
seed gum [12] have been also studied.

The genus Lallemantia, which belongs to the Lamiaceae
family, is one of the medicinal plants thatis distributed in
various regions of Asia and Europe[13]. Lallemantia
peltata (L.) Fisch. & C.A.Meyis one of the five species of
Iranian flora Lallemantiawhichis distributed in various
areas of Iran (North, East North, East South, and Alborz
Mountains).Lallemantia peltata (L.)seed is used as a

traditional medicine in the treatment of joint inflammation,
rheumatism, joint pain, abscesses inflammations, and
osteoarthritis[14]. Gum extracted from Lallemantia
peltata (L.) seeds constitutes are carbohydrates (61.74%),
crude fiber (29.66%), proteins (0.87%), and ash (8.33%)
[15]. The molecular weight and intrinsic viscosity of the
gum was 3.65 x 106g mole® and 7236.18ml g*,
respectively[16]. Furthermore, the potential of LSG as a
stabilizing agent has been reported [17]. Considering the
various interesting properties, LSG seems to be a promising
material for the making of films but to the best of our
knowledge, it is not studied yet.

Since polysaccharide films are brittle, addition of polyols is
essential to produce efficient and flexible films. Glycerol is
such a main preferred polyols in film formation as the
glycerol molecules efficiently improve the workability and
flexibility properties via diminishing the intermolecular
strength in the polymer chains. The extensibility of the
films increases after adding glycerol, whereas the barrier
properties of the film against water vapour and gas
decrease [18]. Thus, optimum concentration of glycerol in a
film matrix has effect on the formation of flexible films
with proper barrier properties and water sensitivity of the
biodegradable films. However, no information has been
published on films made with Lallemantia peltata (L.)gum
and there is no knowledge about the physicochemical and
microstructural properties of LSG films. Bearing these, this
study was focused on developing and characterizing a
novel biodegradable film based on LSG. Also, the effect of
various levels (20, 30, 40, 50, 60% (w/w)) of glycerol, as

plasticizers, onphysical, molecular structure and surface

hydrophobicity, as well as thermal, barrier, mechanical and

optical properties of the LSG films was investigated.
MATERIALS AND METHODS
Extraction of LSG

LSG was extracted using a sequential process described.
[19]. In brief, the cleaned Lallemantia peltata (L.)seeds
were soaked in distilled water (50 £ 2.0°C) with a water to
seed ratio of 20:1 and mechanically stirred using amagnetic
stirrer. The pH of the solution was adjusted to 7 by HCI
and/or NaOH (0.1 mol L. After 60 min, the seeds were
discarded from the seed-water slurry using an extractor.
Thereafter, the slurry was dried at 50 °C for 48 h, and after
milling it was sieved using a 100-mesh sifter.

Film formation

LSG powder (1.5 g) was dissolved in 100 ml of distilled
water via mild stirring (300 rpm for 20 min). Temperature
was set at 40 °C. Moreover, glycerol (as plasticizer) was
added at different concentrations (20, 30, 40, 50, and 60%
(w/w)) into the LSG solution. Then, the solutions were
stirred at 400 rpm for 20 min. To remove the air bubbles
was centrifuged at 10,000 g for 10 min. The prepared
solutions were finally cast onto the glass plates (diameter
14 cm) and dried at 40 °C for 15 h. The films were
preconditioned in a desiccator containing saturated
magnesium nitrate solution creating 52.89% relative

humidity at 25°C until use.
Physical properties of LSG films
Thickness and density assay

A digital micrometre (QLR digital-1P54, China) was used
to measure the thickness in five points of film samples
randomly and reported as mean values.

To determine the density of film the samples (4 x 4 cm
dimensions) were conditioned in a chamber containing
P,0s (0% RH) for 5 days. The film density was calculated

by the following equation.

m

p= €y
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where A is film area (16 cm?), d is film thickness (cm), and
m is film dry mass (g). Film density was expressed as the

average of five determinations.
Moisture content measurement

The preconditioned films (about 20 mg) were kept in an
oven at 105 °C until constant weight. The moisture content
(%) was calculated as follows:
m; —mg
MC=—"—""x100 )
m;
where, m; and my represent the initial and dried sample

weights, respectively. The test was replicated three times.
Water solubility measurement

The oven dried film samples were weighed and placed in
50 ml of distilled water under constant agitation at 25 °C.
After 6 h, the remaining pieces of the samples were dried at
107 °C to attain the constant weight. The Equation (3) was
used to calculate the water solubility (%) of the samples:

dWl' - de

WS% = 3)

Wi
where dw; and dw; are the initial and final dry weights,
respectively. Three replicates were analyzed per film

formulation.
Moisture sorption kinetics and isotherm measurement

A standard gravimetric methodology was used to determine
the adsorption kinetics of the samples [20]. Film sheets of
20 x 20 m were initially dried in a vacuum oven at 70°C
and 76émmHg for 48 h, and then conditioned at 0% RH
(H,S0,) at 25°C for 72h. After weighing, the dried samples
(in triplicate) were conditioned in desiccators with different
saturated salt solutions at 25°C. The salt solutions were
including LiCIl, MgCl,, Mg (NOs),, NaCl, and KNO; that
revealed different relative humidities of 11.3, 32.4, 51.4,
75.7, and 92.5%, respectively. The samples were weighed
at 24 h intervals until the equilibrium state was reached.
The equilibrium moisture were expressed on a dry weight

basis (g water/g dry sample).

Moisture sorption isotherm modeling

The experimental data of the adsorption isotherms of LSG
samples were fitted with the Brunauer—Emmett—Teller
(BET) model (Eg. (4)), Guggenheim—Andersonede—-Boer
(GAB) model (Eqg. (5)) [21], and Oswin (Eq. (6)) model
[22] equations:

M. = M()Caw 4
€ 1—aq,[1+(C-1a,] )
M. = MocKaW 5
€ 1—-a,[1+(C - Dka,] ®)
M, = k[aw/(1 - aw)]c (6)

Where M, is the equilibrium moisture content, My is the
monolayer moisture value, a,, is the water activity, and C

and k are the equation parameters.
Color analysis

The color parameters were determined using a Hunter-Lab
(colorFlex EZ, 45°/0°, USA). A white standard plate (L* =
93.49, a* = 0.25, b* = 0.09) was used to calculate the total
color difference (AE) using the following equation [23]:

AE = \/(L* = L)2 + (a* — a)? + (b* — b)? (7)

In this equation, L, a", and b" are the color parameters of
the film at the background of white standard plate, L
(lightness), a (red-green), and b (yellow-blue) are the color

parameter of the samples.
Opacity measurement

Regarding spectrophotometric method the opacity was
measured in film samples [24]. At wavelength of 600 nm
the light barrier characteristic of the preconditioned
samples were measured considering average of three
absorbance readings of each film. Opacity was quantified
using equation (8):

Abs600 8
> ®

Opacity =

49
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where Absgq, is the value of absorbance at 600 nm and X is

the film thickness (mm).
Contact angle evaluation

The sessile drop method was used to estimate surface
hydrophilicity. Afterplacing20 pl of distilled water on the
film surface, an image was instantly captured by a digital
camera. The image was analyzed using Image J Software

and contact angles were determined.
Water vapor permeability evaluation(WVP)

According to ASTM E96 standard method the WVP of the
film samples was measured [25] regarding air gap inside
test cups, described by Shojaee-Aliabadi, et al. [24]. In
brief, the film samples were placed and sealed on the
opening surface of the circular test cups (10 mm) that were
filled with anhydrous calcium chloride (0% RH) then kept
in a desiccator containing a saturated solution of sodium
chloride (RH 75%). Herein, 75% RH gradient was
observed across the films. Weight gain of the cells was
monitored over a 48-h period with 2 h intervals to the
nearest 0.0001 g as a function of time. WVP of the films
was measured by equation (9):

X X Am
WVP = ——— (©)

where X is the film thickness (mm), Am/At is the weight of
the moisture gain per unit of time (g s%), A is the area of
the film surface (m?), and Ap is the gradient water vapor
pressure across the film sides (Pa). WVP measurement was

done with three replicates.
Oxygen permeability assay

The ASTMD3985-81 [26] standard method was used to
determine the oxygen permeability (OP) of LSG films. In
brief, 0.144 m? open area of a mask was sealed by the film
sample and exposed to the oxygen flow. Measurements

were performed in three or more replicates.

50

Mechanical properties analysis

The prepared film samples (100 mm x 10 mm) were
preserved in a chamber at relative humidity of 58% for 1
weekaccording to ASTM [27]using a texture analyzer
(Texture Pro. CT V1.6 Build26, Brookfield Engineering
Labs, Middleboro, MA, USA). The deformation of each
film sample during extension (10mm min™) in determined
distance of machine were recorded. In this base mechanical
parameters including tensile strength (TS), elongation at

break (EB), and elastic modulus (EM) were determined.
Scanning electron microscopy(SEM)

An electron microscope (EM-3200, KYKY, China) was
used to evaluate surface and cross-section of the films
under definite condition. The LSG films were cryo-
fractured in liquid nitrogen and a sputter coater (SC 1620)
was used for gold coating of the samples.

Surface and cross-section of the film samples were
analyzed using

Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectra of the films were
studied using an AVATAR 370 FTIR (Thermo Nicolet,
USA). The FTIR spectra of films were recorded in the
range of 4004000 cm* from an average of 15-16 scans at

2 cm’ resolution.
Differential scanning calorimetry (DSC)

Differential scanning calorimetry (TA Instrument, New
Castle, DE, USA) was performed to assess the thermal
properties of the LSG films. The samples were scanned
between —100 and 300 °C with a heating rate of 10°C
min?. The melting point (T,) and glass transition
temperatures (Tg) of the samples were reported. All these
properties were determined thrice and the mean value was

reported.
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Statistical analysis

The resulting data were analyzed with SAS software
(Version 9.1, Statistical Analysis System Institute Inc.,
Cary, NC, USA) and Microsoft Windows Excel 2007. One-
way analysis of variance (ANOVA), and Duncan’s multiple
range test was employed to interpret data (p< 0.05). The
Image J and MATLAB (R2014a) software were used to
determine the contact angle and fitting experimental data
with GAB, BET, and Oswin models.

RESULTS AND DISCUSSION

Physical properties of LSG film

Preliminary experiments were performed to determine the
minimum level of plasticizer for film preparation. The
results revealed that unplasticized LSG films were brittle

and difficult to handle. The prepared LSG films were

slightly white, transparent, flexible, and homogeneous
(Figure 1).

Figure 1. The pictorial view of LSG-based films. (Glycerol concentration 20, 30, 40 and 60% %w/w)

According to Table 1, the thickness of the LSG film
samples increased significantly (p<0.05) in the range of
0.06-0.083 mm as a response to increasing glycerol
concentration from 20 to 60% %wi/w. These results could
be attributed to the penetration of the glycerol molecules
between polymer chains of the films which canpossibly
break molecular interactions between the functional groups
of LSG chains, leading absorption of more water vapour
into the film matrix andincrease films thickness [28].
Similar results were observed for sage seed gum-based
films [29]. The density of the LSG films decreased

significantly (p> 0.05) by increasing glycerol concentration
(Table 1). It might be related to the fact that incorporating
glycerol into the LSG matrix decreased the intermolecular
interactions between the polymer chains, whereas
formation of hydrogen bonds between the LSG polymer
chains and glycerol molecules were enhanced. This
phenomenon might have increased the free volume of the
film network and decreased the film density. The results
coincide with those previously reported [30] and [12] for
films based on cress seed mucilage and Lepidium

perfoliatum seed gum, respectively.
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Table 1. Physical properties of LSG films as a function of glycerol concentration

Glycerol concentration (%) Thickness (mm)

Density (g cm*™)

Moisture (%) Solubility (%0)

Without plasticizer 0.060 + 0.002 ¢ 1.38 +0.03% 10.92+0.29' 18.01+0.34¢
20 0.061 +0.001°¢ 1.35+0.02% 13.10+0.2°¢ 18.02+0.56¢
30 0.068 + 0.002° 1.33 +0.03% 17.81+0.31° 204 +0.53°
40 0.067 +0.00° 1.29 + 0.06*® 23.24+0.28°¢ 22.09 +0.59°
50 0.069 +0.00° 1.25 +0.01 25.00 +0.25° 21.62+0.40°"
60 0.083 +0.003° 1.20 +0.06° 32.85+0.26° 48.05 + 0.42°

*Values are given as mean + standard deviation. Values within each column with different letters are significantly different (p < 0.05).

Moisture content of the LSG-based films was also
significantly (p< 0.05) affected by glycerol concentration
(Table 1). With the increasing glycerol concentration, the
moisture content of the LSG films increased significantly
because glycerol as a hydrophilic molecule has high
affinity toward water molecules. In addition, the number of
hydrogen bonds between LSG and glycerol molecules
might have increased in the film network by raising the
glycerol concentration; hence, the availability of the
functional groups to water molecules was enhanced.
Similar results were also reported [8] and [29], for films
made of psyllium seed (Plantago ovata), and sage seed
gum, respectively.

The water solubility of the films is an essential property of
the edible films that indicates their resistance in high
relative humidity environments. The LSG films solubility
significantly (p< 0.05) increased with increasing glycerol
concentration (Table 1). The intramolecular interactions
between the biopolymer molecules have possibly decreased
and the free volume has increased with the addition of
glycerol. This might have caused the increase in solubility
of the LSG film. The values of water solubility determined

in this study were close to the solubility of edible gum
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cordia film[31], buthigher than those of films from tara
gum([9], and lower than the films of psyllium gum [8],
quince seed gum [32], basil seed (Ocimumbasilicum L.)
gum [10], sage seed gum [29] and Lepidiumperfoliatum
seed gum [12].

Moisture sorption isotherm

The water sorption isotherm reveals valuable details about
the microstructure of films [33]. Figure 2 presents the water
sorption isotherms of LSG films prepared with various
glycerol concentrations. All curves were in sigmoid shape,
indicating type Il isotherms that are typical features for
most biopolymer materials. The moisture adsorption was
rapid at the initial stage of the curves and with increasing
time, the value declined until it reached zero (moisture
content of the films equilibrated with the RH in each
condition). With the increasing glycerol concentration, the
adsorbed moisture increased due to the enhancement in the
hygroscopic nature of the films and it formed glycerol rich
domains in the film matrix. Therefore, the penetration of
water molecules into the film network fascinated with the
increasing moisture uptake. The results were in line with

those reported [34] for corn starch-based edible films.
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Figure 2. Moisture sorption curves of LSG Tilms with ditterent glycerol concentration at various ay. (Glycerol concentration from 20 to 60% %w/w).

Several models have been used to consider the relationship
between a,, and equilibrium moisture content. One of the
the food
deterioration is the monolayer moisture[35]. BET isotherm

most important parameters that affected
equation is the most commonly used model and provides
efficient results in 0.05-0.5 a, for several food species
which is based on the absorption of the water
monolayer[36]. GAB model is the most versatile sorption
model available in the literature and has been applied in
many food materials and natural biopolymers. The GAB
model is an extended form of the BET model and can
adequately describe the moisture sorption isothermal
behavior of all foods from 0 to 0.9 a,,[37]. Oswin is another
model that is purely empirical [22]. These three models
were used to identify the best model for explaining the
water sorption of LSG films with different concentrations
of glycerol.

The obtained parameters from fitting the experimental data
to GAB, BET, and Oswin sorption equations are presented
in Table 2. The linearity of the moisture sorption curve of
LSG film was excellent because the correlation of

determination (R?) for all models was high.
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The value of parameter My for GAB and BET models,
indicating monolayer water, ranged between 0.7-1.05 and
0.067-0.22 g water/g dry weight, respectively. These
estimated values for Mg are within the reported values for
soy protein isolate/carboxymethyl chitosan blend [38] and
cassava flour films [39]. The monolayer water increased
with the increasing glycerol concentration. This might be
due to the increasing active sites for water adsorption.
Moreover, the M, for the GAB model is higher than the
BET model.

With increasing glycerol concentration from 20% to 60%
(w/v), the GAB monolayer heat sorption parameter, C,
increased from 1.77 to 2.37 indicating an increase in the
magnitude difference of the upper and monolayer. A
similar result was reported [40] for cassava flour film.
These results might be attributed to the change in the
sorption pattern induced by the presence of this polar
molecule in the film matrix. Similar to the GAB and BET
models, the Oswin model also efficiently describes the

moisture isotherms.
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Table 2. Parameters of GAB, BET and Oswin models obtained for LSG films with different glycerol concentration

Glycerol GAB BET Oswin
concentration % Mo C K RZ Mo C RZ C K R2
20 0.074 0.20 1.03 0.98 0.006 0.89 0.92 0.58 0.14 0.98
30 0.083 0.22 1.01 0.99 0.011 1.97 0.96 0.58 0.16 0.99
40 0.084 0.23 1.00 0.99 0.013 281 0.98 0.56 0.18 0.99
50 0.093 0.48 0.94 0.98 0.020 3.42 0.93 0.43 0.28 0.97
60 0.096 0.54 0.86 0.99 0.022 5.38 0.97 0.35 0.34 0.95

Color analysis

Color is an essential parameter for edible films due to their
direct influence on the product appearance and consumers’
acceptance of packaged food[41]. With increasing glycerol
concentration, L"and b“parameters increased, whereas a"
and AE parameters significantly decreased (p< 0.05; Table
3) indicating a lightened film appearance. Glycerol addition
up to 50% decreased total color difference (AE), whereas
inhigher content, it increased AE. These results could be
attributed to fact that glycerol is a color less component and

dilution of film components as a result of increasing its
concentration in the film-forming solution, leading
theincreasing of films' lightness [41]. Also, these results
may be occurred due to the enhancement of light reflection
on the film surface with increasing glycerol concentration.
Similar results were also reported [12], indicating that
increasing glycerol concentration in film made of cress
seed carbohydrate gum, decreased avalue, whereas, b and L

values increased.

Table 3. Color attributes of-ofLSG films as a function of glycerol concentration.

Glycerol *

*

*

concentration % L a b AE
20 88.45+ 0.06° 4,91+ 0.01° 0.02+ 0.00° 6.43+0.14°
30 89.24+ 0.02¢ 3.74+0.03° 0.03+0.01¢ 5.08+0.07°
40 91.27+0.03° 3.25 +0.04° 0.09 +0.01° 3.26 £0.10°
50 94.27 +£0.03" 0.78 +0.03° 0.15+0.02° 0.85+0.39°
60 94.35 + 0.04* 0.03 £0.01° 0.19 £ 0.00° 1.22 £0.09°

*Values are given as mean * standard deviation. Values within each column with different letters are significantly different (p < 0.05).

Film opacity

Transparency of packaging is an important property, as the
increased tendency to view the product clearly within the
packaging. As presented in Table 4, with increasing
glycerol concentration, the opacity of the LSG films
significantly decreased (p < 0.05). The obtained opacity
values for the LSG film were comparatively lower than

those reported for the brea gum film [42]. In general, film

54

thickness and structure determinetheopacity of the film.

Therefore, increasing film thickness, by addition of
glycerol, may have decreased the opacity of the film.
[12]

Lepidiumperfoliatum seed gum. This result suggests that

Similarbehavior was reported for films of

glycerol was blended homogeneously with the LSG and

was fully embedded in its network (Figure 1).
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Table 4. Oxygen permeability (OP), contact angle (CA), water vapor permeability (WVP) and opacity of LSG films as a function of glycerol concentration

Glycerol OP (cm® um/(m*d Opacity
concentration % kPa)) WVP (g/m s Pa)
Without plasticizer - 80.08+ 0.3* 10.12 +0.5%
20 11.25+0.04°¢ 78.1+0.3" 1.5+0.02°¢ 7.31+0.22°
30 11.32+0.01° 76.54+0.3° 1.63+0.03¢ 5.42+ 0.47°
40 11.53+0.03° 75.34+0.3¢ 1.78+0.04°¢ 6.18+ 0.05°
50 12.06+0.02° 74.6+0.3° 1.97+0.04" 6.47+ 0.08°
60 12.41+0.02° 48.2+0.3" 2.29+0.02° 6.46+ 0.86™

*Values are given as mean + standard deviation.Values within each column with different letters are significantly different (p < 0.05).

Contact angle

The contact angle (CA) of water is also an important issue
in materials intended for packaging materials, indicating
surface  hydrophilic/hydrophobic  properties of the
packaging. In general, lower angles represent high
hydrophilic surface. It is known that the contact angle may
be changed from 0° to 180° (0° refers to the whole
spreading of the liquid and 180° indicates the limit of
entierly no wetting) [43]. Contactangleof the LSG film
samples plasticized by different concentrations of glycerol
are presented in Table 4. A significant difference was
observed among the distilled water contact angles for the
films with different concentrations of glycerol (p< 0.05).
Increasing glycerol concentration as plasticizer led to a
significant decrease in the contact angle from 80.08° to
48.2°. W contact angles of the LSG-based films ranged
between 30° and 90°. Therefore, these films were partially
wetting and revealed thebehavior similar to polysaccharide-
based edible films[43]. Similar results have been stated
about influence of the plasticizer concentration on contact
angle of Alyssum homolocarpumseed gum-polyvinyl

alcohol biodegradable composite film [44].
Water vapour permeability

Avoiding mass transfer is a crucial feature of a
biodegradable polymer when used as a packaging material.
Thus, a good barrier against aroma, water vapor, and gases
is generally preferred. Therefore, WVP is the most
important barrier property that usually evaluates the
biodegradable films due to its close relation with the

deteriorative reactions. As presented in Table 4, increasing

glycerol concentration significantly enhanced the WVP of
the LSG edible film (p < 0.05). WVP of the LSG-based
film without glycerol was not determined due to its brittle
structure. In general, increasingthehydrophilicity of the
polymer matrix increases the WVP of a hydrocolloid film
[45]; hence, since addition of plasticizers elevate
hydrophilic nature of a matrix eventually enhance WVP.
Similar results have been reported for films made of
cassava starch [46], gum [9], flaxseed gum-based edible
[47]and gum cordia [31]as a function of plasticizer
addition. The obtained WVP for LSG films in this work
was close to WVPofbasil seed (Ocimumbasilicum L.) gum
films elaborated [10], who determined the WVP in the
range of 1.66 t0 2.24 x 10 °g H,O m 2 s *MPa ™.

Oxygen permeability (OP)

The effect of the plasticizer concentration on the OP of the
LSG edible films are shown in Table 4. Based on glycerol
concentration increase, the OP of the LSG films increased
from 11.25 to 12.41 cm® mm/m?d® kpa’. Several factors
have effect on OP of a film such as the physical and
chemical properties also the molecular weight of the
plasticizer, the interaction between plasticizer and the
oxygen and the structure of film in a complex manner [31].
In comparison to LSG (MW = 3.65 x 10° g mol™), glycerol
is a smaller molecule that easily penetrates the film
network and decreases attractive forces between the LSG
macromolecules. Thus, it creates a film network with
higher free wvolume space in its structure[16]which

facilitates the penetration and transition of gas molecules
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across the film [48]. Similar results were also obtained for
quince seed mucilage film[32]. The average oxygen
permeability value (11.71 cm® pm/ m? d kPa) of the LSG-
based film was higher than those reported [49] and [50] for
films based on starch and polyvinylidene chloride,
respectively, whereas higher OP was recorded for chitosan
film [51].

Mechanical properties

The mechanical properties of the LSG films including
tensile strength (TS) and elongation at break (EB) were
studied and the results are presented in Table 5. The TS of
the LSG film decreased prominently from 78.31 to 18.98

MPa, on increasing the glycerol concentration from 20 to
60% w/w (p< 0.05; Table 5). The elasticity of the LSG film
was evaluated using elongation at break, in which the
results revealed significant increase in this parameter with
the increasing glycerol concentration[52]. Glycerol
decreased the rigidity and increased the flexibility of the
polymer network due to reduction in the intramolecular
interactions between the polymer molecules[53]. In
addition, increasing moisture content of the film may have
caused a plasticizing effect on the film structure because
the water molecules can act as plasticizing agent and
enhance the mobility of the polymer chains and EB%.

Table 5. Glass transition temperature (Tg), melting temperature (Tm) and mechanical properties of LSG films as a function of glycerol concentration

Glycerol concentration % (w/w) Ty (°C) Tm (°C) TS (MPa) EB (%)
20 16.38+ 1.04° 105.69+ 0.50° 78.31+ 3.34° 9.24+ 1.02°
30 -29.42+ 1.10° 103.6+ 2.05™ 54,91+ 2.11° 17.13+ 2.50°
40 -48.94+ 0.92° 101.24+1. 20® 45.45+4.65° 20.58+2.19%
50 -63.86+ 1.82° 100.92+ 2.90 31.23+ 1.79° 24,08+ 1.73"
60 -69.77+ 0. 40° 100.11+ 2.01° 18.98+2.12° 50.04+ 3.31°

*Values are given as mean + standard deviation. Values within each column with different letters are significantly different (p < 0.05).

Based on the mechanical properties results, it could be
concluded that an increase in the glycerol concentration of
the LSG films, improved the film extensibility and reduced
its resistance. Based on the obtained results, LSG film with

40% glycerol revealed the best mechanical properties.
Film microstructure

SEM can reveal film homogeneity, surface microstructure,
pores, cracks, surface smoothness, and thickness of a film.
Moreover, it can help to find of relationships between films
structure with water vapor transmission, mechanical, and
optical properties. Figure 3 presents the cross-sections and

surface SEM micrographs of the LSG films with different

concentrations of glycerol. SEM micrograph of the LSG
films, incorporated with glycerol, revealed smooth and
uniform surfaces without any crack or pore. Cross-sections
of the LSG films indicated that the addition of the
plasticizer, improved homogeneity of the film structure
without noticeable cracks and breaks. Surface micrographs
also revealed that the use of glycerol improved the structure
of the LSG films (without pores or cracks and
homogeneous) despite its negative effect on barrier
properties against water and oxygen molecules. Similar
behavior has been reported for films based on quince seed

mucilage [32]and yam starch [54] plasticized with glycerol.
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Figure 3. Scanning electron micrographs of surface (left) and cross-section (right) of LSG films as a function of glycerol concentration.

Fourier-transform infrared spectroscopy

FTIR is a useful technique to help micro structural
characterization of films since it can help to evaluate the
interactions between film components[55]. Figure 4 shows
the IR spectrums of LSG films containing 20, 30, 40, 50,
and 60% w/w of glycerol. A broad peak located
approximately at 3409.22 cm™ was attributed to the
stretching vibration of the OH groups, which was affected
by inter- and intermolecular hydrogen bonds. Meanwhile,
the CH aliphatic absorption peaks are located around 2800—
3000 cm ~.The peaks at 3409 cm® and 2895-2988
cm *shifted slightly toward the higher wave numbers by
increasing glycerol concentration. With increasing glycerol
concentration, the intensity of the OH band increased
which is due to the increase in the number of free OH
groups of glycerol molecules [31]in the LSG film network.
Furthermore, this observation may be attributed to the
increasing moisture content of the films formulated with

more concentrated glycerol. In general, possible types of

hydrogen bonds in a film network may be present between
the polymer hydroxyl groups, between the polymer
hydroxyl group and glycerol hydroxyl group, and between
hydroxyl groups within the glycerol. Energies of these
bonds are different. Presumably, at lower concentration of
glycerol, all the hydroxyl groups of the polymer interacted
with the hydroxyl group of the glycerol molecules; hence,
the polymer-polymer interaction is replaced to polymer—
plasticizer interactions. This phenomenon is called the
solvation effect of the plasticizer [31]. These results
indicate that the increasing glycerol content altered the
nature of the hydrogen bonding in the films.
Increasingglycerol concentration lead to a shift of the peak
at 1620.86 cm* (presented in LSG films without glycerol),
to lower wavenumbers. Furthermore, the characteristic
peak around 1456 cm ‘resulted essentially from the
presence of glycerol [56]. This glycerol band shifted to the

lower wavenumbers in the LSG film matrix, which indicate
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Figure 4. FTIR spectra of LSG films as a function of glycerol concentration.

Results revealed that the interaction between the film
ingredients changed with increasing glycerol concentration
and produced an open network with higher water molecules
and lower hydrogen bond between the LSG polymer
chains.

Thermal properties

As presented in Table 5, the Tg and Tm values of the LSG
films significantly decreased with increasing glycerol
concentration, (p< 0.05). The LSG film with 20% glycerol
had a Tg higher than zero indicating that the structure of
film was brittle at the room temperature. As mentioned
before, glycerol is a polar molecule with low molecular
weight that can penetrate among LSG polymers and
decrease their intermolecular interactions. Therefore, the
free volumes of film network and polymer chains
mobilities were increased. Similar results were observed for
films based on Alyssum homolocarpum seeds gum-PVA
[44], with high Tg values at unplasticized films. These
results supported the observation about density and
mechanical properties revealing that the LSG films were
more homogeneous when the glycerol concentration

increased.  Moreover,  with  increasing  glycerol
concentration, due to the hydrophilic nature of glycerol, the
moisture content of the LSG films increased (Table 1).
Water molecules have a plasticizing effect; hence, they can

decrease the Tm and Tg values [31].
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CONCLUSIONS

This is the first report on the feasibility of edible films and
coatings development from LSG. However, the LSG film
without plasticizer was brittle and difficult to handle. LSG
film with 20% of glycerol had the lowest water solubility,
WVP, OP, moisture content, moisture adsorption, water
solubility, and highest opacity. The elasticity of the film
increased by the addition of glycerol and it consequently
improved the mechanical properties of the film and LSG
film with 40% glycerol revealed the best mechanical
properties. The BET, GAB, and Oswin models were found
to be effective models for this film throughout the range of
water activity. The findings of the present study
demonstrated that LSG had a good potential, as an
alternative carbohydrate, todevelopnew edible films for
packaging of food products containing low moisture or
dried. Further investigations are needed to modify LSG
films properties by addition of essential oils, nanoparticles
and etc.
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