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Abstract

Development of environment-friendly films using natural biopolymers such as carbohydrates has increased because of environ-
mental problems caused by synthetic plastics. This study examined the physical and antioxidative properties of biodegradable
films from sword bean starch (SBS) containing goji berry extract (GBE) to develop a novel antioxidant film. As the GBE
concentration increased, the tensile strength of the SBS films decreased from 26.32 to 12.42 MPa; however, the elongation at
break increased from 7.39 to 12.36%. Although water barrier properties and thermal stability of SBS films were not enhanced by
the addition of GBE, ultraviolet/visible light barrier and antioxidant properties were remarkably improved due to its bioactive
compounds, specifically zeaxanthin and various polyphenols. In particular, 2,2-diphenyl-1-picrylhydrazyl and 2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) radical scavenging activities of the SBS film with 1.0% GBE were the highest among the
films, which were consistent with the total phenolic content results. Therefore, the developed SBS films with GBE are applicable

as new antioxidant films in the food packaging industry.
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Introduction

Synthetic plastics used in the food industry are nonbiodegrad-
able and nonrenewable, leading to severe environmental pol-
Iution (Jaramillo et al. 2016). Thus, several studies have fo-
cused on developing biodegradable films from natural bio-
polymers such as polysaccharides, lipids, and proteins
(Hassan et al. 2018).

Starch is considered as an appropriate source for biode-
gradable films due to its nontoxic, renewable, and inexpensive
properties, and its abundance in nature (Jiménez et al. 2012;
Versino et al. 2016). Accordingly, characterization of starch
films prepared from various sources such as cassava, potato,
wheat, and corn has been studied (Cruz-Galvez et al. 2018;
Song et al. 2018; Valencia-Sullca et al. 2018); however, these
starches are inappropriate for a biodegradable film material
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because they are mainly used as a food resource for humans.
Therefore, several studies characterizing the films developed
from starches with low consumption and industrial utilization
were recently conducted (Chanjarujit et al. 2018; Kim et al.
2018; Nouri and Nafchi 2014; Yang et al. 2018).

Legume starches are appropriate sources for biodegradable
films with good physical properties as they are composed of
high amylose content (Corrales et al. 2009). Sword bean
(Canavalia gladiata) is one of the leguminous crops that be-
long to the Pea family (Fabaceae), and is mainly grown in
South Asia or Africa (Adebowale et al. 2006; Ekanayake et al.
2006). In addition, sword bean has high nutrition value as it
contains approximately 30% protein and 40% starch on a dry
basis, and it can grow well under barren soil condition such as
acidic pH (ranging from 4.3 to 6.8) and high salinity, com-
pared with the other legumes (Adebowale et al. 2006). Despite
these desirable properties, the usage of sword bean as a food
source is limited due to its toxicity caused by canavalin and
concanavalin A differently from other beans (Olu-Owolabi
et al. 2011). Thus, it would be appropriate to use sword bean
as a biodegradable film source due to its abundant starch con-
tent rather than as a food source; however, to our knowledge,
no study is available on the film-forming ability of sword bean
starch (SBS) yet.
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Although starch films are colorless and odorless (Luchese
et al. 2018a, 2018b), application of starch alone in making
films is limited due to its high hydrophilicity, leading to poor
mechanical properties of the films (Cruz-Galvez et al. 2018).
Therefore, several studies have been carried out to overcome
this issue (Cruz-Galvez et al. 2018; Nouri and Nafchi 2014).
In particular, development of starch films along with natural
plant extracts has recently gained immense attention (Cruz-
Galvez et al. 2018; Kim et al. 2018; Nouri and Nafchi 2014),
and these extracts could improve the extensibility of biode-
gradable films.

Goji berry (Lycium barbarum L.) is an orange—red color
fruit produced in Asian countries including Korea, Japan, and
China (Kulczynski and Gramza-Michatowska 2016; Wojdyto
et al. 2018). Goji berry possesses various bioactive properties
such as anticarcinogenic, antidiabetic, and antioxidant
(Wojdyto et al. 2018) due to its high content of polysaccha-
rides (5-8% of dry weight), carotenoids (0.03—0.5% of dry
weight) (Kulczynski and Gramza-Michalowska 2016), and
polyphenols (0.025-0.19% of dry weight) (Wojdyto et al.
2018). In addition, zeaxanthin, which is the most abundant
carotenoid (maximum 56% of total carotenoids) in goji berry,
blocks the ultraviolet (UV) light (280—400 nm, specifically
UV-B regions: 290-320 nm) (Roberts 2013; Sandmann et al.
1998), and goji berry extract (GBE) presents a high UV barrier
property to the biodegradable films. Although several studies
report starch films incorporated with various natural plant ex-
tracts such as betel leaves (Nouri and Nafchi 2014), rosemary
(Pineros-Hernandez et al. 2017), grape seed (Bofet al. 2016),
blueberry fruit, macadamia peel, banana peel (Saberi et al.
2017a), and yerba mate extract (Jaramillo et al. 2016), no
study is available on starch films blended with GBE that is
miscible with the starch molecules as it has abundant polysac-
charide content (Amagase and Farnsworth 2011; Kulczynski
and Gramza-Michatowska 2016). Therefore, the objective of
this study was to develop a novel antioxidant starch film con-
taining GBE using SBS extracted from underutilized sword
bean, investigate the physicochemical properties of the devel-
oped SBS film, and examine the intermolecular interactions
between SBS and GBE.

Materials and Methods
Materials

Sword bean (Canavalia gladiata) and goji berry (Lycium
barbarum) powder used in this study were obtained from
Boryeong Co. (Gyeonggi, Korea) and Foodsense Co.
(Gyeonggi, Korea), respectively. NaOH (40%, w/w), HCI1
(36%, v/v), sorbitol, sodium carbonate, 2 N Folin—Ciocalteu
reagent, gallic acid, 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), and 2,2-diphenyl-1-picrylhydrazyl
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(DPPH) were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). lodine (I,) and potassium iodide (KI) were pur-
chased from Samchun Pure Chemical Co. (Gyeonggi, Korea),
and ethanol (95%, v/v) was purchased from Daejung
Chemical & Metals Co. (Gyeonggi, Korea).

Extraction of SBS

Prior to grinding, sword bean samples were washed with run-
ning tap water to remove impurities such as dust, and the
washed samples were dried on a clean bench with a fan run-
ning until removal of remaining water. Sword beans were
ground with a blender (Sanplatec Co., Osaka, Japan) and
sieved with a 200-mesh sieve to obtain fine sword bean pow-
der (SBP), which was then submerged in NaOH (0.3%) solu-
tion at a 1:5 ratio (w/v) and stirred with a stirring plate
(Corning Inc., New York, NY, USA) at 4 °C for 24 h. The
SBP-NaOH mixture was then filtered using a 200-mesh sieve
and centrifuged at 3000xg for 10 min. Afterward, the pellets
were resuspended and washed with distilled water (DW) and
this process was repeated until the brown layer on white starch
pellet (WSP) was completely removed. The obtained WSP
was mixed with DW and neutralized to pH 7.0 using 1 N
HCI. Neutralized WSP was preserved at 4 °C for 1 h and dried
at 25 °C for 24 h. The dried starch (30% yield) was finely
ground and sieved through a 200-mesh sieve. Amylose con-
tent of the obtained SBS was measured according to the meth-
od described in a previous study (Kang and Song 2019).
Briefly, iodine colorimetric method using starch and 1,-KI
solution was applied, and the absorbance was measured at
620 nm. The amylose content of SBS was determined to be
21.27+0.07%. In addition, SBS prepared in this study had
11.10 £ 0.18% moisture content, 0.37 £0.18% crude fat,
0.15+0.06% crude protein, and 0.14 +£0.08% crude ash and
this chemical composition was similar to that of the previous
report (Adebowale et al. 2006).

Preparation of GBE

Goji berry powder (GBP, 10 g) was extracted in 50% ethanol
(50 mL) by stirring at 25 °C for 5 h. The extracted solution
was filtered with Whatman No. 2 filter paper (8 um, GE
Healthcare UK Ltd., Little Chalfont, UK), and the filtrate
was concentrated using a vacuum evaporator to completely
remove ethanol and lyophilized to obtain GBE with various
bioactive compounds, such as polysaccharides, polyphenols,
and carotenoids which are the major compounds in goji berry.

Preparation of SBS Films
The optimal concentrations of SBS and sorbitol were set based

on the preliminary experiments. The physical properties of
SBS films prepared with different concentrations (2.5%, 3%,
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and 3.5%) of SBS and sorbitol as a plasticizer were compared
and 3% SBS was selected as the optimal concentration. In
addition, to fix the optimal concentration of sorbitol,
the physical properties of SBS films with different con-
centrations (20%, 30%, and 40% of SBS, w/w) of sor-
bitol were compared and the optimal concentration of
sorbitol was determined to be 30%. SBS (3%, w/v)
and sorbitol (30% of SBS, w/w) were dissolved in
DW and stirred at 80 °C for 20 min using a stirring
plate (Corning Inc.). Gelatinization temperature of SBS
applied in this study was set according to the report of
Adebowale et al. (2006). After gelatinization, various
amounts (0.5%, 0.75%, and 1.0%) of GBE were added
to the gelatinized starch solution, and the mixtures were
homogenized with a homogenizer (IKA, Staufan,
Germany) at 13,000 rpm for 3 min. Prior to casting,
the mixtures were degassed for 5 min and filtered with
four layers of gauze. Approximately 25 mL of the fil-
tered film-forming solution was then casted on a glass
plate (10 cm x 13 cm) and dried at 25 °C for 12 h. The
SBS film without GBE was used as a control film for
subsequent experiments.

Physical Properties of SBS Films

After film conditioning in a constant temperature and
humidity chamber (Daewon Science, Gyeonggi, Korea)
at 25 °C and 50% relative humidity (RH) for 24 h, the
SBS films with or without GBE were cut into 2.54 c¢cm x
10 cm of pieces for measuring their physical properties.
Film thickness was determined using a micrometer
(Mitutoyo, Tokyo, Japan). The SBS films’ tensile
strength (TS, MPa) and elongation at break (EB, %)
were measured with an Instron test machine
(Testometric Co., Lancashire, UK) under the condition:
grip distance, 5 cm; stretching speed, 50 cm/min.

The SBS films were prepared as 2 cmx2 cm of
pieces to measure the moisture content (MC), water sol-
ubility (WS), and water vapor permeability (WVP).
These were dried in a drying oven at 105 °C for 24 h
to determine the MC of each film, which was calculated
by subtracting the film weight after drying for 24 h
from the initial film weight and then dividing this value
by the initial weight. Five measurements were conduct-
ed to obtain MC data. To determine the WS of SBS
films, each film was immersed in DW and dissolved
at 25 °C for 24 h. The film pieces undissolved in DW
were dried and the WS of the films was determined by calcu-
lating the relative percentage of the film’s weight loss. The
film piece-sealed polymethyl-acrylate cup containing 15 mL
of DW was used to measure the WVP of the SBS films (Baek
and Song 2019). The cup was kept at 25 °C and 50% RH, and
the weight of cup was measured every 1 h.

Fourier Transformation Infrared Spectroscopy

To examine the effect of GBE on the SBS film structure,
Fourier transformation infrared (FTIR) spectra of the
prepared SBS films were analyzed according to the
method of Kang and Song (2019). A vacuum infrared
spectrometer (Vertex 80v, Billerica, MA, USA) equipped
with an ATR/DTGS detector was used to obtain FTIR
spectra of SBS films in the wavenumber range from
4000 to 400 cm '. FTIR analysis was performed at
2 cm ! resolution with 16 scans.

Thermal Properties of SBS Films

To investigate the thermal stability of SBS films containing
GBE, thermogravimetric analysis (TGA) was conducted
using a TGA-DSC machine (Mettler Toledo, Columbus,
OH, USA) according to the method of Baek and Song
(2019). Moreover, the derivative thermogravimetric analysis
(DTGA) was carried out to identify the maximum decompo-
sition temperature (7p,.x) of SBS films. In general, 5 mg of
each SBS film was heated at a speed of 10 °C/min from 25 to
700 °C.

Scanning Electron Microscopy

The micromorphology of SBS films was analyzed according
to the method described by Kang and Song (2019). A low-
voltage scanning electron microscope (Carl Zeiss Microscopy,
Jena, Germany) was used to visualize the surface and cross-
section of the SBS films. All films were prepared as 0.5-cm?
pieces, and the SEM images of platinum coated films were
obtained at 5 kV accelerating voltage with x3000
magnification.

Atomic Force Microscopy

The surface topology of SBS films was analyzed via atomic
force microscopy (AFM) according to the method described
by Ju et al. (2019). The AFM images of SBS films with or
without GBE were obtained using an AFM spectrometer
(Horiba Jobin-Yvon Inc., New Jersey, NJ, USA). The surface
roughness (Ra, average surface roughness) of each film was
calculated based on the three-dimensional images (20 pm x
20 pm).

Optical Properties of SBS Films

Changes in the CIELAB color (L*, a*, and b*) values of SBS
films with GBE were measured using a colorimeter (Minolta,
Tokyo, Japan). The total color difference (2F) of SBS films
with GBE against the control film was calculated using the
following equation.
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1/2
AE = [(Lc*_Ls*)2 + (ac*_as*)2 + (bc*_bs*)2:|

where L.*, a.*, and b.* are the colors of the control film and
Ly*, ag*, and bg* are the colors of the SBS films containing
GBE.

All films were cut into 1.5 cm % 4 cm pieces. A spectro-
photometer (Shimadzu Co., Kyoto, Japan) was used to mea-
sure the opacity of the SBS films, and the absorbance of each
film was measured at 600 nm. The following equation was
used for calculating the opacity of SBS films with or without
GBE.

Opacity (A/mm) = A/T

where A and T are the absorbance and thickness of each film,
respectively.

With increasing GBE concentration, changes in the light
transmittance of SBS films were analyzed in the wavelength
range of 200-800 nm using a spectrophotometer (Shimadzu
Co.).

Total Phenolic Content of SBS Films

To measure the total phenolic content (TPC) of SBS
films with GBE, the method described by Pifieros-
Hernandez et al. (2017) was used with minor modifica-
tions. Ten milligrams of each film was added to 10 mL
of DW and extracted in an incubator at 37 °C for 1 h.
After the extraction, 150 pL of the extracted solution,
1 mL of DW, and 200 uL of 2 N Folin—Ciocalteu
reagent were mixed and reacted at 25 °C for 30 s.
Thereafter, the solution was mixed with 2 mL of 7.5%
sodium carbonate solution and incubated at 37 °C for
1 h by shaking at 150 rpm. The absorbance at 765 nm
of the solution was measured, and TPC of each film
was calculated using a gallic acid standard curve. All
TPC values were presented as milligram gallic acid
equivalents (GAE)/gram of dried film. In addition, the
TPC of GBE was also measured and calculated to be
38.80+0.58 mg GAE/g.

Antioxidant Activity of SBS Films

The antioxidant activities of SBS films containing GBE were
analyzed with DPPH and ABTS assays according to the meth-
od described by Baek and Song (2019). All films were pre-
pared to be 0.1 g in weight and were immersed and extracted
in 10 mL of DW at 37 °C for 30 min. The film extracted
solution was used for subsequent experiments.

The aforementioned film solution (0.1 mL) was mixed with
3.9 mL of DPPH solution and was reacted in the dark for 1 h.
The DPPH radical scavenging activity of SBS films was de-
termined according to the following equation.
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DPPH radical scavenging activity (%)
= (Db_Ds)/Db x 100

where Dy, and Dj are the absorbances of blank and each film
extracted solution at 517 nm, respectively.

ABTS solution (2.45 mM potassium persulfate and 7 mM
ABTS, 1:2, v/v) was diluted with ethanol to be 0.7 of its
absorbance at 734 nm after 16 h reaction in the dark. The film
extract solution (0.1 mL) and ABTS solution (1.9 mL) were
then mixed and incubated at 37 °C for 10 min. The absorbance
of the mixture was then measured at 734 nm. The ABTS
radical scavenging activity of SBS films was determined by
the following equation.

ABTS radical scavenging activity (%)
= (Ab—AS)/Ab x 100

where A, and A, are the absorbances of blank and each film
extracted solution at 734 nm, respectively.

Statistical Analysis

The SAS software (version 9.4, SAS Institute Inc., Cary, NC,
USA) with one-way analysis of variance (ANOVA) and
Duncan’s multiple range tests (p < 0.05) was used to statisti-
cally analyze the experimental data. All data were obtained by
repeating at least five times and were presented as mean +
standard deviation.

Results and Discussion
Physical Properties of SBS Films

Physical properties of starch films are mainly dependent on
the amylose content of starch (Basiak et al. 2017; Cazdn et al.
2017). It has been reported that high amylose content (>20%)
of starch can produce biodegradable films with better physical
properties than those with low amylose content (Corrales et al.
2009). Sword bean starch (SBS) used in this study comprises
approximately 21% of amylose (data not shown) and is sim-
ilar to those of other starches studied previously (Hoover et al.
2010). Thus, the physical properties, such as TS (26.32 +
2.30 MPa) and EB (7.39 £+ 1.18%), of the SBS film developed
in this study (Table 1) were similar to those of other starch
films (Versino et al. 2016); however, the starch films are usu-
ally fragile and less elastic, resulting in poor application in
food packaging (Cruz-Galvez et al. 2018).

With an increasing amount of GBE from 0.5% to 1.0%, the
thickness and EB of SBS films increased (p < 0.05) from 7.39
+1.18% to 12.36 £2.62% and the TS decreased (p < 0.05)
from 26.32+2.30 MPa to 12.42 +0.68 MPa (Table 1), which
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Table 1 Physical properties of the SBS films containing GBE

GBE (%) Thickness (mm) Tensile strength (MPa) Elongation at break (%) Moisture content (%) Water solubility (%) Water vapor permeability

(><1079 g m's'Pal)

0 0.077 + 0.004c' 26.32 + 2.30a 739 + 1.18¢
0.5 0.085 + 0.003b  17.28 + 1.09b 9.13 + 1.28bc
0.75 0.091 £ 0.003a 14.89 + 1.83c 1021 + 1.69ab
1.0 0.095 +0.003a 12.42 + 0.68d 12.36 + 2.62a

8.91 £ 0.44c 2341 +1.42d 2.13 +0.23¢
9.70 = 0.74bc 32.16 = 1.14¢ 2.51 £0.31°
10.59 + 0.85b 34.79 + 0.90b 3.02 +0.28°
12.02 £ 1.06a 36.88 + 1.34a 3.53 +£0.25%

Mean = S.D. (n=5)

! Any means in the same column followed by different lowercase letters (a—d) are significantly different (» < 0.05) by Duncan’s multiple range tests

was in accordance with the result of other starch films con-
taining natural plant extracts (Baek and Song 2019; Corrales
et al. 2009; Ju et al. 2019; Kim et al. 2018; Nouri and Nafchi
2014). The increase in flexibility and decrease in rigidity of
the starch films are mainly due to the weakening of intermo-
lecular interactions between starch polymers caused by the
addition of active materials, leading to disruption of starch
chain entanglement (Baek and Song 2019; Bof et al. 2016;
Homayouni et al. 2017). In addition, the natural plant extracts
comprising polyphenols make starch films more flexible by
the plasticizing effect (Jaramillo et al. 2016). As GBE contains
numerous bioactive compounds such as carotenoids and fla-
vonoids, the EB of SBS films increased with elevated GBE
concentration.

The physical properties of starch films are also associated
with moisture content (MC) of the films (Versino et al. 2016).
MC of SBS films was significantly (p < 0.05) increased by the
addition of GBE (Table 1). As the concentration of GBE in the
SBS films increased from 0.5 to 1.0%, MC of SBS films
changed from 8.91+0.44% to 12.02 +1.06%. These results
are in good agreement with the changes in the physical prop-
erties (TS and EB) of the SBS films. Water molecules can act
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Fig. 1 FTIR spectra of GBE and the SBS films. a SBS film, (B) SBS film
with 0.5% GBE, (C) SBS film with 0.75% GBE, (D) SBS film with 1.0%
GBE, (E) GBE

as a plasticizer in the film matrix, leading to increase in the
flexibility of films (Shaili et al. 2015). In addition, GBE has
polysaccharides as one of major components, which consist of
six different monosaccharides, such as glucose, mannose, xy-
lose, rhamnose, arabinose, and galactose (Amagase and
Farnsworth 2011; Kulczynski and Gramza-Michatowska
2016). These saccharides can also be used as a plasticizer in
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Fig.2 TGA (a) and DTGA (b) curves of the SBS films containing GBE.
—— SBS film; — — —, SBS film with 0.5% GBE; — ———, SBS
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Fig. 3 Surface and cross-
sectional SEM images of the SBS
films at x3000 magnification. a
SBS film, b SBS film with 0.5%
GBE, ¢ SBS film with 0.75%
GBE, and d SBS film with 1.0%
GBE

the preparation of films because of their hydroxyl groups
(Saberi et al. 2017b). Therefore, these results indicate that
GBE is considered to overcome the brittleness of starch films
by increasing the MC value and by acting as a plasticizer (Ju
etal. 2019; Kim et al. 2018; Nouri and Nafchi 2014; Pifieros-
Hernandez et al. 2017).

Water Barrier Properties of SBS Films

With increasing GBE concentration from 0.5 to 1.0%, MC
(from 8.91£0.44 to 12.02 £1.06%), WS (from 23.41 +1.42
t0 36.88 + 1.34%), and WVP (from 2.13 +0.23 x 10™” t0 3.53
+0.25%x10° gm ' s' Pa') of SBS films significantly
(p<0.05) increased (Table 1). These increases are mainly
due to high hydrophilicity of GBE, which occurs in the
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Surface

Cross-section

hydroxyl groups present in polysaccharide complexes and
various polyphenols in GBE (Kulczynski and Gramza-
Michatowska 2016; Nouri and Nafchi 2014). Similarly, in-
creases in MC, WS, and WVP of the starch films have been
reported by adding several plant extracts such as moringa leaf
extract, cocoa nib extract, and betel leaf extract (Ju et al. 2019;
Kim et al. 2018; Nouri and Nafchi 2014). As MC in the starch
films is more than 10%, the hydrogen bonds between starch
and water molecules can be decreased and new hydrogen
bonds are formed among the water molecules (Lourdin et al.
1997). As a result, the intermolecular interactions in starch
films are weakened. In addition, GBE can facilitate the de-
crease in the intermolecular interactions in the film network
due to its various compounds that can act as plasticizer (Souza
et al. 2012). These changes in the internal structure of starch
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Fig.4 AFM images of the SBS films. a SBS film, b SBS film with 0.5%
GBE, ¢ SBS film with 0.75% GBE, and d SBS film with 1.0% GBE

films increase the movement of water molecules, leading to
elevated WVP (Rodriguez et al. 2006).

High WS of starch films indicates poor water resistance
(Woggum et al. 2015). WS of the SBS film was 23.41%
(Table 1), which is less than that of other starch films (cassava
starch film 27.5%, wheat starch film 30%, pea starch film
32%, high amylose corn starch film 38%, foxtail millet starch
film 42%, khorasan wheat starch film 42%, rice starch film
44%, and proso millet starch film: 50%) (Basiak et al. 2017;
Baek and Song 2019; Ju et al. 2019; Yang et al. 2018). These
results indicate that the films prepared using SBS have rela-
tively high water resistance compared with other starch films
and may be more suitable for the packaging of foods with high
water content.

FTIR Spectra of SBS Films

Hydrogen bonds among the starch molecules play a pivotal
role in the internal structure of starch films (Chanjarujit et al.
2018). In addition, natural plant extracts such as GBE can
produce new hydrogen bonds when they are incorporated into
starch films, resulting in changes in the internal structure
(Feng et al. 2018; Teixeira et al. 2018). The analysis of
FTIR spectra can be used to identify the changes in hydrogen
bonds and intermolecular interactions in the starch films by
the addition of natural plant extracts (Woggum et al. 2015). As
aresult of FTIR analysis (Fig. 1), all FTIR peaks of SBS films
were in accordance with those reported in other starch films
(Chanjarujit et al. 2018; Feng et al. 2018; Saberi et al. 2017b;
Woggum et al. 2015), and the addition of GBE did not cause
notable changes in most peaks in the spectra as the FTIR
spectrum of GBE was similar to that of the SBS film without
GBE (Fig. 1).

It has been reported that starch films have some typical
peaks in the FTIR spectra (Chanjarujit et al. 2018; Saberi
et al. 2017b; Woggum et al. 2015). The broad peak at 3300
3200 cm ' represents OH stretching of glucose and water
molecules (Woggum et al. 2015). The peaks at 2930 and
1648 cm ' are related to CH stretching of CH, and OH vibra-
tion of water present in the starch film matrix, respectively
(Saberi et al. 2017b; Woggum et al. 2015). In addition, the
peaks at 1450-1400 cmﬁl, 1149 cm ', and 930 cm™ ! corre-
spond to CH bending of CH,, CO stretching, and glycosidic
linkages, respectively (Chanjarujit et al. 2018; Saberi et al.
2017b). Among the FTIR peaks of SBS films, however, a
slight shift of 1648 cm™ ' peak to a lower wavenumber
(1630 cm™ ) by the addition of GBE was observed with the
increase in its intensity (Fig. 1). These shifts are due to the
interactions between the SBS molecules and polyphenols of
GBE (Luchese et al. 2018b). Feng et al. (2018) also found
similar results in the hydroxypropyl starch films containing
tea polyphenol. In addition, the peak at 1648 cm ™" is associ-
ated with water adsorption in the amorphous region of starch
films and the formation of new hydrogen bonds among the
water molecules (Feng et al. 2018; Teixeira et al. 2018). It is
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Table 2 Optical properties of the

SBS films containing GBE GBE (%) L* b* 22 Opacity (A/mm)
0 98.73 + (0.23%! —-0.32 + 0.02° 1.84 + 0.04¢ 1.12 +0.01¢
0.5 93.62 + 0.15° -233+0.02° 19.14 + 0.14° 18.45+0.73¢ 1.28 + 0.02¢
0.75 90.84 + 0.69° —~2.50 + 0.06° 29.43 + 1.58° 28.92+£1.36° 1.51 + 0.04°
1.0 89.16 + 0.51¢ —2.65 +0.03¢ 33.81 + 1.71° 35.24+2.78% 1.66 + 0.03°

Mean + S.D. (n=5)

! Any means in the same column followed by different lowercase letters (a—d) are significantly different (p < 0.05)

by Duncan’s multiple range tests

known that the major limitation of starch films is their brittle-
ness owing to the amorphous regions formed by amylose
(Cazédn et al. 2017). Based on our FTIR results, therefore,
the addition of GBE could reduce the brittleness of starch
films by replenishing water molecules in the regions. These
results are also in good accordance with the decrease in TS
and the increases in MC and EB of SBS films (Table 1).

Thermal Properties of SBS Films

The changes in thermal stability of SBS films with increasing
amount of GBE were investigated (Fig. 2). Regardless of GBE
addition, the TGA curves (Fig. 2a) of SBS films had a typical
pattern of three stages in thermal decomposition, similar to
those of other starch films (Baek and Song 2019; Jaramillo
et al. 2016). The first stage from 50 to 150 °C is related to
water evaporation in the films, having less than 10% of weight
loss. The second stage from 150 to 280 °C corresponds to the
decomposition of low molecular weight compounds, such as
plasticizers (Jaramillo et al. 2016; Kim et al. 2018). The final
stage from 280 to 350 °C, which represents the main decom-
position stage, is related to the degradation of starch
molecules.

80 b ——

3

Transmittance (%)
=

20

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 5 UV/visible light transmittance of the SBS films containing GBE.
, SBS film; — — —, SBS film with 0.5% GBE; — — — —, SBS
film with 0.75% GBE; ———-—, SBS film with 1.0% GBE.
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In the DTGA curves, T, values of SBS films with 0%,
0.5%, 0.75%, and 1.0% GBE were 321.46 °C, 298.48 °C,
294.89 °C, and 292.77 °C, respectively (Fig. 2b). These re-
sults indicate that the thermal stability of SBS films decreased
as the amounts of GBE increased. This is a common phenom-
enon caused by the addition of natural plant extracts, which
could weaken the internal film network, leading to decrease in
thermal stability, and has been observed in other studies
(Jaramillo et al. 2016; Kim et al. 2018; Pineros-Hernandez
et al. 2017). The hydroxyl groups in GBE components, such
as monosaccharides and polyphenols, decreased the thermal
stability because the crystalline structure in SBS films was
weakened by their plasticizing effect (Jaramillo et al. 2016;
Souza et al. 2012). After thermal decomposition, the char
residue content of the SBS film without GBE was 13.22%,
presumably owing to impurities or inorganic substances pres-
ent in SBS (Caectano et al. 2018). In addition, with increasing
GBE concentration from 0.5 to 1.0%, the char residues of SBS
films increased from 20.91 to 27.23% because the polyphe-
nolic compounds such as flavonoids with aromatic ring in
GBE are stable up to 700 °C (Caetano et al. 2018; Jaramillo
et al. 2016).

SEM and AFM Analysis of SBS Films

The SEM images of SBS films with or without GBE were
analyzed to determine the homogeneity of films and the com-
patibility between SBS and GBE in the film (Fig. 3). Although
SEM image of all SBS films presented fairly homogeneous
surface, the addition of GBE caused a rougher surface than
that of the control film. Additionally, some holes were ob-
served in the SBS films containing GBE, whereas the film
without GBE did not have holes in the cross-sectional SEM
image (Fig. 3). The difference in the interior structure of SBS
films containing GBE from the control film is related to ca-
rotenoids and polyphenols in GBE, such as zeaxanthin, quer-
cetin, and kaempferol (Kulczynski and Gramza-Michatowska
2016). In particular, the holes in the SBS films with GBE
could be explained by weakened internal structure by the ad-
dition of GBE. These holes might be the reason for increased
WVP. Similarly, internal holes or cracks in the starch films
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Table 3 Total phenolic content
and antioxidant activities of the GBE (%) Total phenolic content (mg DPPH radical scavenging ABTS radical scavenging
SBS films containing GBE GAE/g dried film) activity (%) activity (%)

0 _ _ _

0.5 4.83+0.18°" 28.66+1.06° 66.35+0.15°

0.75 6.64+0.28" 33.03+0.14° 75.7140.17°

1.0 9.06+0.39" 48.58 £0.29* 95.66+0.08"

Mean = S.D. (n=5)

! Any means in the same column followed by different lowercase letters (a—c) are significantly different (p < 0.05)

by Duncan’s multiple range tests

incorporated with natural plant extracts, such as carvacrol,
lemon essential oils, and rosemary extracts, were reported in
previous studies, and those extracts increased the heterogene-
ity of the film matrices (Homayouni et al. 2017; Pifieros-
Hernandez et al. 2017; Song et al. 2018); however, notably,
the SBS films revealed a more homogenous and compatible
structure than other starch films (Fig. 3), because polysaccha-
ride complexes in GBE were more miscible with the starch
molecules than essential oils used in other studies.

The increase in roughness on the surface of SBS films
containing GBE was also observed by AFM analysis
(Fig. 4). The Ra values (average of height deviations from a
mean surface) increased from 7.2 to 40.4 nm with increasing
GBE concentration. Similar to our results, the increase in the
surface roughness of starch films by the addition of natural
plant extracts was reported in other studies (Jaramillo et al.
2015; Ju et al. 2019). The surface roughness of biodegradable
films may depend on the amount of a plasticizer added
(Monteiro et al. 2018). As the concentration of a plasticizer
increases, new hydrogen bonds in the film network are formed
and the internal structure becomes more disordered, resulting
in increased surface roughness. In this study, the changes in
the surface roughness of SBS films were affected by the con-
tent of GBE, which may work as a plasticizer.

Optical Properties of SBS Films

The changes in the surface color and opacity of SBS films
containing GBE are presented in Table 2. With increasing
amount of GBE, L* and a* values of SBS films decreased
and b* value increased significantly (p <0.05), resulting in
increased AF value from 18.45 to 35.24 (Table 2).
Zeaxanthin, which is a main carotenoid in GBE, is a yellow
compound (Amagase and Farnsworth 2011), and the color of
SBS films became more yellow with increasing GBE content.
Similarly, the addition of betel leave and moringa leaf extract
altered the color of starch films to yellow (Ju etal. 2019; Nouri
and Nafchi 2014).

The opacity of SBS films increased from 1.12 to 1.66 by
the addition of GBE (Table 2). These results are in accordance

with our previous studies on the starch films incorporated with
natural plant extracts (Baek and Song 2019; Kim et al. 2018;
Ju et al. 2019). The increase in the opacity of starch films
containing natural plant extracts is mainly due to their own
color, especially yellow and red. In addition, it has also been
reported that the thicker the films, the greater their opacity
(Basiak et al. 2017). In the present study, the thickness of
SBS films increased from 0.077 to 0.095 mm with the addi-
tion of GBE (Table 1). This could somewhat affect the chang-
es in the opacity of SBS films; however, the transparency of
SBS films was maintained when GBE was incorporated up to
1% (Table 2). In contrast, the opacities of other starch films
containing 1% curcumin, cocoa nibs extract, and moringa leaf
extract increased from 0.24 to 1.39, 1.34 to 5.63, and 0.43 to
1.41, respectively (Baek and Song 2019; Kim et al. 2018; Ju
et al. 2019), indicating that GBE is more compatible with the
starch films than the other natural plant extracts in previous
studies.

The SBS films with GBE had lower UV/visible light trans-
mittance than that of the control film without GBE (Fig. 5). In
addition, the transmittance of SBS films against UV light re-
gion (200—400 nm) decreased significantly (p <0.05) with
increasing amount of GBE, similar to other studies (Ju et al.
2019; Nouri and Nafchi 2014; Yang et al. 2018). In particular,
SBS film with 1% GBE effectively blocked the UV light
because zeaxanthin in GBE can absorb UV light, particularly
UV-B region (Amagase and Farnsworth 2011; Sandmann
etal. 1998). Therefore, these results suggest that GBE addition
increases UV light barrier property of SBS films, and the
developed film can be applied to the foods that are vulnerable
to UV light oxidation.

Antioxidant Activity of SBS Films

The changes in TPC and the antioxidant activities of SBS
films containing GBE were determined (Table 3). As the con-
centration of GBE increased, TPC and the antioxidant activi-
ties against DPPH and ABTS radicals of SBS films increased.
The increased antioxidant activities of SBS films with the
addition of GBE can be explained by phenolic compounds
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present in the goji berry extract, which cause increase in TPC
as well as DPPH and ABTS radical scavenging activities. In
particular, goji berries used in this study have been known to
have various types of phenolic compounds, such as quercetin,
caffeic acid, chlorogenic acid, and p-coumaric acid, that pos-
sess antioxidant activities (Wojdyto et al. 2018). This tenden-
cy is consistent with the previous results regarding the
biocomposite films using pea starch or guar gum containing
various natural plant extracts, such as blueberry ash fruit,
macadamia peel, and banana peel extracts (Saberi et al.
2017a). In addition, TPC of SBS films with GBE (4.83—
9.06 mg GAE/g dried film) was similar to that of other starch
films containing moringa leaf extract (4.91-10.96 mg GAE/g
dried film) and curcumin (approximately 3—6 mg GAE/g dried
film) at the same concentration range (Baeck and Song 2019;
Ju et al. 2019); however, the radical scavenging activities
against DPPH and ABTS of the SBS film with 1% GBE
(48.58% and 95.66%) were higher than those of the other
films with 1% moringa leaf extract (37.89% and 59.45%) or
curcumin (15.48% and 52.40%), indicating that GBE contains
more antioxidants such as polysaccharide complexes, carot-
enoids, and polyphenols (Kulczynski and Gramza-
Michatowska 2016; Wojdylo et al. 2018). On the contrary, it
was reported that the blended film of corn starch and chitosan
containing grape seed extract (GSE) or lemon essential oil
(LEO) had no antioxidant activity (Bof et al. 2016), although
the concentration of GSE and LEO was higher than that of
GBE used in this study. Furthermore, the SBS films developed
in this study had higher TPC and DPPH radical scavenging
activity than those of cassava starch films containing more
than 5% rosemary extracts (Pifleros-Hernandez et al. 2017).
Therefore, our results suggest that GBE is a better active ma-
terial to confer the antioxidant activity to starch films than
other active compounds reported in the literature.

Conclusions

Sword bean starch and goji berry extract, which were initially
applied in the preparation of biodegradable films, were used
for development of an antioxidant-biodegradable film. With
increasing amount of GBE from 0.5 to 1.0%, TS of SBS films
decreased, but EB, MS, WS, and WVP increased. Addition of
GBE affected the thermal properties of SBS films, leading to
decreased thermal stability. In addition, the color and opacity
of SBS films were altered by the addition of GBE, and UV/
visible light barrier properties were improved considerably
due to zeaxanthin, which is a major carotenoid in GBE. In
particular, the antioxidant activities of SBS films increased
significantly with elevated concentration of GBE, and the
TPC of SBS films was also enhanced. These results suggest
that SBS films containing GBE are applicable as a novel an-
tioxidant film to improve shelf life of foods.
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