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Abstract This study aimed at improving the mechanical
properties and water solubility of peanut protein isolate
(PPI) films by glycosylating with xylose (X). The mod-
ification process of glycosylation was optimized by
using response surface methodology (RSM). The effects
of pH, temperature and time on degrees of glycosylation
(DG), tensile strength (TS), elongation (E), solubility
and microstructure of xylose glycosylated PPI films
(PPI-XF) were determined. The changes of DG in dif-
ferent conditions indicated that crosslinking should oc-

Highlights: ¢ Glycosylation of peanut protein isolate (PPI) with xylose
(X) was proposed.

» Effects of glycosylation on the properties of PPI films were evaluated.
* The optimum modification parameters were obtained by using RSM.

* Glycosylation improved the mechanical properties of PPI-X films sig-
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films.
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cur between PPI and xylose during the modification.
Optimum glycosylation conditions were found to be
pH 9.5, 91.5 °C and 95 min. Under these conditions,
TS and E values of PPI-XF were 10.37 MPa and
96.47 %, respectively. Due to glycosylation, solubility
of PPI-XF decreased from 96.64 to 35.94 % and these
films remained intact in water for 24 h. The microstruc-
ture of PPI-XF was denser and more compact than the
unmodified PPI films. These results suggest that the
xylose glycosylated PPI films have potentiality of being
used as biodegradable films in food packaging
application.

Keywords Peanut protein isolate - Xylose - Glycosylation -
Biodegradable film - Properties - RSM

Introduction

There is an increasing interest in biodegradable mate-
rials produced from natural biopolymers in an attempt
to replace non-biodegradable plastics (Vilaseca et al.
2007). Biopolymers such as proteins, polysaccharides,
lipids and their combinations have been widely investi-
gated and used to develop biodegradable films (Ma
et al. 2013; Tang et al. 2009). Protein-based biodegrad-
able films have attracted more attention due to their
superior barrier and mechanical properties which come
from strong intermolecular cross-linking of protein. The
film forming behavior and film characteristics of biode-
gradable films prepared from soy protein (Denavi et al.
2009), pea protein (Kowalczyk and Baraniak 2011),
peanut protein (Reddy et al. 2013) have been studied
and reported.
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Peanut meal is a by-product of peanut oil industry
and it contains about 45 % proteins. However, it is still
primarily used as a feed ingredient for animals. In pre-
viously research, peanut meal was used to produce bio-
degradable films (Reddy et al. 2013). However, due to
their hydrophilic nature, the strength, elongation and
water barrier properties of protein based films are poor
compared to those of the polyolefin based synthetic
films. Because of this reason, the commercial applica-
tion of peanut protein film has not taken place in food
applications. Therefore, the modification of functionality
of proteins is essential to improve the properties of pea-
nut protein films.

Physicochemical modification of proteins and/or ad-
dition of saccharides have been successfully employed
to improve the mechanical properties of protein films
(Al-Hassan and Zorziah 2012; Arabestani et al. 2013).
Saccharides with small molecular weight are usually
considered to be good plasticizers to improve the me-
chanical properties of the protein films, particularly
the elongation. Soininen et al. (2013) found that a
mixture of fructose and glucose in fructose-to-glucose
ratio of 1.67:1 improved the appearance, mechanical
properties and water barrier properties of the protein
films. On the other hand, Maillard reaction occurred
between proteins and saccharides were found to be
beneficial for the improvement of mechanical proper-
ties and water resistance of protein films (Su et al.
2010). Glycosylation of peanut protein and soy protein
by respectively grafting with arabic gum (Li et al.
2014) and glucomanna (Zhang et al. 2014) which
were used to improve the properties of protein film
have been reported.

Despite the application of various carbohydrates to
improve the properties of protein based films, the appli-
cation of xylose is not reported. As xylose is 5-carbon
sugar which can be abundantly produced from natural
wood, the use of this sugar in peanut protein films for
improving the film properties is of practical signifi-
cance. Our exploratory work has shown that the appli-
cation of xylose in peanut protein films not only in-
creases the strength and elongation of peanut protein
films, but also decreases their solubility in water quite
remarkably.

Hence, the objectives of this study were to investi-
gate the glycosylation effect of xylose in peanut protein
with the aim of improving the mechanical properties of
biodegradable peanut protein films. In order to analyze
the changes of interactions between PPI and xylose and
to identify the effect of glycosylation modification on
the properties of the modified protein films, degrees of
glycosylation (DG) of PPI under different modification
conditions were measured. And the effects of this

modification on the tensile strength and elongation, sol-
ubility in water and microstructure of peanut protein
films were evaluated. The findings can broaden the ap-
plication of biodegradable peanut protein films in food
packaging industry.

Materials and methods
Materials and chemicals

Peanut meal was obtained from Gaotang Lanshan Co.,
Ltd. (Shandong Province, China). It contained
47.81 % peanut proteins. All other reagents used in
the experiments such as xylose, glycerol, NaOH and
NaBr were of analytical grade and were used as
received.

Glycosylation of peanut protein and preparation of protein
films

Preparation of peanut protein isolate (PPI)

Peanut protein isolate (PPI) was prepared from the pea-
nut meal by using the alkaline extraction and acid
precipitation method described by He et al. (2014) with
slight modification. The obtained PPI contained
90.93 % of protein, 4.04 % of carbohydrate, 0.72 %
of crude fat and 3.86 % of ash.

Optimization of glycosylation of peanut protein using xylose

A 5 % (w/w) PPI solution was prepared by dispersing
PPI powders in distilled water. And the initial pH of
this PPI solution was 6.86. Xylose was added to the
PPI solution to obtain the protein to xylose ratio of
10:1, because poor mechanical properties and solubility
were found to be attributed to a lower or higher ratio
of protein to xylose according to our exploratory work.
The pH values of the mixed solutions were adjusted to
3.00 to 11.00 using 1 N HCI and 1 N NaOH
(Jangchud and Chinnan 1999; Kowalczyk and Baraniak
2011; Popovi¢ et al. 2011). These pH adjusted solu-
tions were heated to 30-90 °C for a certain time
(30—180 min) to obtain the xylose glycosylated protein
(PPI-X) solutions.

Response surface methodology (RSM) was used to
optimize the pH, temperature and time. The effects of
three independent variables X; (pH), X, (temperature)
and X3 (time) at five levels on the mechanical proper-
ties including the tensile strength (TS) and elongation at
break (E) of the glycosylated peanut protein films were
investigated using central composite design (CCD). The
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data were analyzed by multiple regressions to fit the
following quadratic polynomial model.

3 3 3
Yi=Bu+> . BuXitY . BuXi + Zi<j:2»5kinin (1)

Y; represents the response functions (TS and E), i is an
intercept, and Py, Puii» Piij are the coefficients of the linear,
quadratic and interactive terms, respectively. X; and X;
represent the coded independent variables (pH, temper-
ature and time).

Preparation of the films

Films of PPI-X (PPI-XF) were prepared by casting. Glycerol
was added as a plasticizer at protein: glycerol ratio of4:1 to the
PPI-X solutions mentioned in the preceding section. All solu-
tions were degased by filtrating through nylon filters and
15 mL solutions were poured onto nonstick plates (15 cm
diameter) to cast into films. The films (PPI-XF) were prepared
by drying off the water at 60 °C for 1 h and were peeled off
after cooling. These films were conditioned at 58 % RH
(25 °C) for 48 h by placing them in a desiccator containing
saturated NaBr solution.

PPI films (PPI-F) were prepared as followed: A 5 % (w/w)
PPI solution was prepared by dispersing PPI powders in dis-
tilled water. The pH of the film forming solution was adjusted
to 9.5 and heated at 91.5 °C for 95 min. The glycerol was
added to this protein solution. This modified solution was
filtered, cast and dried to produced films. These films were
also conditioned in the same condition as mentioned above.

Determining the properties of peanut protein films
Degrees of glycosylation (DG)

Degrees of glycosylation (DG) of PPI under different modifi-
cation conditions were determined by employing the
method based on a spectrophotometric assay using
OPA (o-phthalaldehyde) as described by Zhang and
Chi (2011).

Mechanical properties

Tensile strength (TS) and elongation at break (E) of films were
measured on a TA-TX2i texture analyzer (Stable Micro Sys-
tem Ltd., Godalming, UK) following an ASTM standard
method D882-01 (ASTM 2001). Each film strip (1.0x
7.0 cm) was mounted between the grips of the texture analyzer
and initial grip separation and cross-head speed were set at
50 mm and 0.5 mmy/s, respectively. TS (MPa) was calculated
by dividing the maximum force by the cross-sectional area of
the film (width X thickness). E was calculated as the
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percentage of change in the length of the specimen compared
to the original length of the film strip. TS and E measurements
were repeated for each type of films at least five times and the
average values were reported.

Moisture content

Film samples (2x2 cm) were weight and dried in an air-
circulating oven at 105 °C for 24 h. The moisture content
(MC) values were determined by using the mass loss data of
film during drying.

Solubility of film in water

The solubility of films in water was expressed in terms of total
soluble matter (TSM), which was calculated as the ratio of
soluble dry matter to the initial dry matter of the film. Film
specimens (2%2 cm) were placed into test tubes containing
10 ml of distilled water. These test tubes were capped and
stored at room temperature for 24 h with occasional gentle
shaking. After allowing the water soluble content to dissolve
in water for 24 h, the content of the tube was centrifuged at
3000 rpm for 10 min. The remaining portion of the film was
gently rinsed with distilled water and dried in an air-
circulating oven at 105 °C for 24 h. The mass of TSM was
calculated by subtracting the mass of insoluble solid matter
from the initial dry mass of the film. Initial dry mass and TSM
were not determined on the same film specimen in order to
avoid heating the film sample before the solubility tests which
would increase the water resistance of protein films (Rhim
et al. 1998, 2002). The initial dry mass values of the films
were obtained from MC measurements for different replicates
of the same film sample.

Water vapor permeability

Water vapor permeability of the films was measured using the
ASTM method (ASTM 1995). The sample film was cut into a
circle of 7 cm diameter and placed on a circular cup (3 cm in
diameter and 5 cm in depth) with 3 g of CaCl, in each cup.
Sealed cups were placed in a desiccator in which the RH was
maintained at 100 % and temperature kept at 25 °C. Then, the
cups were weighed every 12 h up to a week. The WVP of
films was measured from the weight gain of the cups. The
WVP (g mm/m> h kPa) was calculated as: WVP=(WVTR /
Ap)xd, where WVTR was the measured water vapor trans-
mission rate (g/m” h) through the film specimen; d was the
mean film thickness (mm); Ap was the partial water vapor
pressure difference (kPa) across the two sides of the film
specimen.
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)

PPI and PPI-X films were analyzed by SDS-PAGE to examine
the molecular weight distribution according to Feng et al.
(2014). The discontinuous system consisted of 5 % (w/v) ac-
rylamide stacking gel and 13 % (w/v) acrylamide separating
gel. About 5 mg of film samples were suspended in 0.5 mL
buffer before boiling for 5 min. 4.0 uL of supernatant was
loaded into each well. Finally the gels were stained with
0.1 % (w/v) coomassie brilliant blue for 30 min and destained
in acetic acid solution (fermentation alcohol:acetic acid:water
ratio=2:1:17) for 12 h.

Observation of microstructure

Film microstructure was observed by using Hitachi
S570 scanning electron microscope. Film samples (5%
5 mm) were mounted on the stub with double-sided
adhesive tape at an angle of 90° to the surface and
coated with a thin layer of gold. Film cross-section
was observed at a magnification ofx3000 and using
an accelerating voltage of 12 kV.

Statistical analysis

The data were analyzed with SAS software (SAS In-
stitute Inc., Cary, NC, USA). Turkey’s multiple com-
parison method was used to determine the significant
difference between mean values at 95 % confidence
level (p<0.05).

Results and discussion
Effect of pH on DG and mechanical properties of PPI-XF

Effect of pH on degrees of glycosylation (DG) and mechanical
properties of PPI-XF is shown in Fig. la. Films were not
formed around pH 5.0 due to the fact that the isoelectric point
(IEP) of peanut protein is about 5.0. Similar result was report-
ed earlier in the case of pumpkin protein isolate that the for-
mation of film did not take place near its IEP (Popovi¢ et al.
2012). Figure la shows that the DG were sharply increased
from 1.49 to 9.89 % with increasing pH from 3.0 to 11.0,
which indicated that glycosylation between free amino groups
and xylose has occurred as pH increased gradually (Lertittikul
et al. 2007). On the other hand, tensile strength of PPI-XF
increased from 4.20 to 6.42 MPa with the increase of pH when
the glycosylation was carried out at 70 °C for 120 min. At
alkaline pH TS of PPI-XF was significantly higher than at
acidic pH. The elongation of the films also increased with
the increase of pH from 3.00 to 9.00, and the highest value
(81.50 %) was observed at pH value 9.00. However, when the
pH was further increased from 9.00 to 11.00, the elon-
gation decreased quite rapidly. Researchers (Jangchud
and Chinnan 1999) have reported that mechanical prop-
erties of peanut protein films were improved when the
pH was varied from 6.0 to 9.0 as observed in this
study. The increase of tensile strength with the increase
in pH can be attributed to the increased exposure of
sulthydryl and hydrophobic groups in alkaline condition
and the reformation of such groups during drying. In
addition, much greater extent of new bonds is formed
between protein and carbohydrate due to Maillard reac-
tion at alkaline pH (Lertittikul et al. 2007; Wang et al.

Fig. 1 Effects of (a) pH, (b) a 150 b 5 150
modification temperature, (c) DG ——TS —#—E DG ——TS —%—E
modification time on DG, TS and
E of xylose glycosylated peanut S o 107 I, {100 < _ 10 1100
protein isolate films. DG % é & E & I &
represents degrees of £a 5 50 = 7 g 5 I 50 =
glycosylation, while TS and E =
represent tensile strength and =
elongation at break, respectively 0 3 B o 11 0 0 30 50 : 0 9% 0
pH Temperature/°C
C
15 DG ——T5 —a—5 | 10
< 10 100
= g N
&) =
ga 3 50
0 : 0
30 90 120 180

Time/ min
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2013). These new bonds increase or enhance the me-
chanical properties (Su et al. 2010). However, at very
high pH values (>9.00) excessive intermolecular cross-
linking occurs and this restricts the flexibility and
movement of the protein molecules which leads to a
decrease in elongation (Reddy et al. 2012). Thus,
pH 9.0 was considered to be the optimal pH value in
this study.

Effect of modification temperature on mechanical properties
of PPI-XF

When the temperature varied from 30 to 90 °C, DG increased
significantly (p<0.05) from 5.19 to 9.99 %, while TS in-
creased from 1.95 to 9.30 MPa and E from 7.87 to
103.67 % (Fig. 1b). It has been suggested that heat-
denaturing would disrupt hydrogen bonds and hydrophobic
groups of protein molecules, which exposes the amino acid
groups to the solvent and produces a more open structure
(Wihodo and Moraru 2013), enhancing the possibility of
crosslinking between PPI and xylose through Maillard reac-
tion. As protein unfolds after heat-denaturing, the covalent
disulfide bonding of the denatured protein produces stronger
films and enables the films to withstand higher deformations

(Perez-Gago and Krochta 2001). Cao et al. (2007) observed
that heating induced protein-protein cross-linking by denatur-
ing (unfolding) the protein structure and exposing the sulfhy-
dryl and hydrophobic groups. Consequently, denaturation of
protein improved the mechanical properties of SPI/
gelatin composite films. Studies also showed that
heating improved the tensile strength and elongation of
protein films made of whey protein-mesquite gum (Osés
et al. 2009), pumpkin protein (Popovi¢ et al. 2011) and
soy protein (Jiang et al. 2012). Our preliminary trials
showed that the xylose glycosylated PPI tended to form
large aggregates when heated above 90 °C at alkaline
pH and no films could be formed. Similar results were
reported in the case of soy protein isolate (Jiang et al.
2012). Therefore, 90 °C was chosen as the optimum
temperature for glycosylating PPI with xylose and no
testing was conducted at higher than this temperature.

Effect of modification time on mechanical properties
of PPI-XF

As shown in Fig. 1c, DG exhibited an increasing ten-
dency with increasing modification time ranged from 30
to 90 min. As the time extended, no significant increase

Table 1 Central composite

design for pH, temperature and No. X, /pH X5/ (°C) X3 / (min) TS/MPa E/%

time and the corresponding

experimental tensile strength (TS) 1 1 (10) 1(95) 1 (105) 10.31 74.89

and elongation (E) values 2 1(10) 1(95) -1 (75) 9.10 92.90
3 1(10) -1 (85) 1 (105) 9.68 67.18
4 1(10) —1 (85) -1 (75) 8.83 74.02
5 -1 (8) 1(95) 1 (105) 9.54 32.37
6 -1 (8) 1(95) -1 (75) 9.46 47.58
7 -1 (8) -1 (85) 1 (105) 9.37 29.00
8 -1 (8) -1 (85) =1 (75) 7.60 4530
9 —1.6818 (7.32) 0 (90) 0 (90) 7.76 3524
10 1.6818 (10.68) 0 (90) 0 (90) 8.97 90.36
11 009 —1.6818 (81.59) 0 (90) 7.34 3597
12 009 1.6818 (98.41) 0 (90) 9.29 66.22
13 009 0 (90) —1.6818 (64.77) 8.62 100.18
14 009 0 (90) 1.6818 (115.23) 9.68 62.38
15 009 0 (90) 0 (90) 10.02 90.53
16 009 0 (90) 0 (90) 10.05 91.85
17 009 0 (90) 0 (90) 9.05 104.39
18 0(9) 0 (90) 0 (90) 9.48 96.46
19 09 0 (90) 0 (90) 9.45 95.81
20 09 0 (90) 0 (90) 10.11 91.25
21 0(9) 0 (90) 0 (90) 10.81 85.90
22 0(9) 0 (90) 0 (90) 10.00 87.22
23 0(9) 0 (90) 0 (90) 9.50 88.55
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(»>0.05) in DG was observed. According to Li et al.,
as the glycosylation continued, the DG of PPI-
saccharides conjugates increased gradually, but reached
an equilibrium level after a certain time (Li et al. 2014).
At the same time, the tensile strength of PPI-XF was
increased by 51.88 % when the modification time was
increased from 30 to 90 min. No significant increase
(p>0.05) in tensile strength was observed when the
modification time was >90 min. It has been pointed
out that interactions between saccharides and proteins
can be increased when the modification time is in-
creased (Lertittikul et al. 2007; Shih 1994). On the oth-
er hand, a longer modification time negatively affected
the elongation of PPI-XF as a sharp decrease of elon-
gation from 97.99 to 53.04 % occurred when the time
was increased from 90 to 180 min. Excessive interac-
tions between peanut proteins and xylose restricted the
mobility of the protein molecules and resulted into de-
crease in elongation. Based on these results, a 90 min
long modification time was used in this work.

Fitting of the response surface polynomial models

The modification process parameters and mechanical proper-
ties (TS and E) of PPI-XF obtained according to the central
composite design are shown in Table 1. The results were fitted
to a second order polynomial equation. The regression equa-
tions obtained for the TS (Y;) and E (Y,) of the PPI-XF were
found to be as follows:

Y1 = 9.81562 + 0.29110 X; + 0.45423 X, + 0.41574 X3

=0.37219 X, = 0.39103 X5° — 0.09547 X5° (2)
—0.14219X X, + 0.02625X | X3—0.16390X X3
Yy= 9255919 + 18.11805 X;+ 6.08561 X,— 8.78193 X;
— 1161809 X,* — 15.75787 X,* — 5.0847 (3)

0)(32 +2.61748X 1 X, + 0.83227X 1 X3—1.25832X, X3

The statistical significance of the regression model was
checked by F-test and p-value, and the analysis of variance

Table 2 Analysis of variance of

the fitted quadratic polynomial Terms Source SS DF MS F-value p-value
model for tensile strength (TS)
and elongation (E) in the case of TS X, 1.1573 1 1.1573 3.3199 0.0915
xylose glycosylated PPI film X, 28177 1 2.8177 8.0829 0.0138
(PPI-XF) X 23604 1 2.3604 6.7712 0.0219
XX, 2201 1 2.201 6.3139 0.026
XoXo 24295 1 2.4295 6.9694 0.0204
X5X; 0.1448 1 0.1448 0.4155 0.5304
XX, 0.1617 1 0.1617 0.464 0.5077
X, X3 0.0055 1 0.0055 0.0158 0.9018
XX;3 0.2149 1 0.2149 0.6165 0.4464
Model 11.4458 9 12718 3.64817 0.0291
Residual 45318 13 0.3486
Lack of Fit 23867 5 0.4773 178016 0.1862
Pure error 2.1451 8 0.2681
Cor Total 15.9776 22
E X, 4483.049 1 4483.049 106.9502 <0.0001
X, 505.7772 1 505.7772 12.0661 0.0041
X5 1053.249 1 1053.249 25.1269 0.0002
XX, 2144.747 1 2144.747 51.1663 <0.0001
XX, 3945.497 1 3945.497 94.1261 <0.0001
X5X; 410.8074 1 410.8074 9.8005 0.008
XX, 54.8097 1 54.8097 13076 0.2735
XX; 55414 1 5.5414 0.1322 0.722
XX; 12.6669 1 12.6669 0.3022 0.5918
Model 12546.43 9 12546.43 3325721 <0.0001
Residual 544.9231 13 544.9231
Lack of Fit 284.0643 5 284.0643 1.74233 0.1943
Pure error 260.8588 8 260.8588
Cor Total 13091.35 22
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Fig. 2 Response surfaces showing the effect of pH, modification temperature and modification time on tensile strength (a—c) and elongation (d—f) of

peanut protein isolate films glycosylated with xylose (PPI-XF)

(ANOVA) for TS and E of PPI-XF are presented in Table 2.
The p-values were used to determine the significance of each
coefficient. When the p-value becomes smaller, the corre-
sponding coefficient became more significant or important
(Hong et al. 2013). It could be seen in Table 2, p-values of
the polynomial models applied to TS and E were 0.0291 and
<0.0001, respectively, indicating that these models suitably
represented both dependent variables. The lack of fit test
was a measure of failure of the models to represent data in

the experimental domain at points which were not included in
the regression (Zhong and Wang 2010). No significant lack of
fit was found as the p-values for TS and E were 0.1862 and
0.1943, respectively, which indicated that the response surface
models were adequate for predicting the TS and E of PPI-XF
at the suggested combination of variables.

Significance of each coefficient was also determined and is
presented in Table 2. In the case of TS, two linear coefficients
(X5, X3) and two quadratic term coefficients (X,?, X,%) were
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a b 105
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Fig.3 Contour plots showing the effect of pH, modification temperature and modification time on tensile strength (a—c) and elongation (d—f) of peanut

protein isolate films glycosylated with xylose (PPI-XF)
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found to be significant with p-values being lower than 0.05.
The coefficients of other terms (X, X537, X1 X5, X1 X3, XoX3)
were not found to be significant (p>0.05). In the case of E, the
linear coefficients (X, X5, X3) and quadratic term coefficients
(X%, X2, X5%) were found to be significant with p-values
being lower than 0.05. The coefficients of the interaction
terms (X;X,, X;X3, X5X3) were not found to be significant
(»p>0.05).

Optimization of the process parameters

The 3-D response surface plots (Fig. 2) and contour plots
(Fig. 3) were used to illustrate the effects of pH, modification
temperature and modification time on the tensile strength
(Figs. 2 and 3a—) and elongation (Figs. 2 and 3d-f) in the
case of PPI-XF. In the response surface plots and contour
plots, TS and E were plotted together with two continuous
variables, while the third variable was kept at level zero.

The results showed that modification temperature and time
significantly affected the TS of the films. It can be observed
that the TS of films increased with the increase in the modifi-
cation time. Among the three process parameters (pH, temper-
ature, time) studied, the modification temperature was the
most significant factor affecting the strength of PPI-XF,
followed by modification pH and time as indicated by the

Fig. 5 Plots of internally

V]

Residuals vs. Predicted

slopes of the 3-D response surface plots. However, no signif-
icant effect of interaction among these 3 parameters was ob-
served on the TS of the films. From the ANOVA and surface
plots it can be shown that the best modification process pa-
rameters for TS in the case of PPI-XF the modification pH,
temperature and time were found to be 9.0, 95 °C and
115 min, respectively.

The modification time negatively affected the elonga-
tion of the films. The modification pH, time and tem-
perature affected the film elongation in decreasing order.
The interaction terms of these parameters did not affect
the elongation significantly (p>0.05). The optimal mod-
ification pH, temperature and time for film elongation
were 10.0, 90 °C and 75 min, respectively.

Simultaneous optimization for the modification of peanut
protein isolate with xylose was performed to obtain maximum
TS and E of the films, and the optimal modification conditions
were pH 9.5, modification temperature 91.5 °C and modifica-
tion time 95 min. Under these conditions, predicted TS and E
of the films were 10.11 MPa and 95.63 % respectively.

Adequacy of developed mathematical models

Normal probability plot and plot of residuals versus the pre-
dicted response were used to evaluate the adequacy of

studentized residuals vs. predicted
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Table 3  Predicted and experimental values of the responses at optimum conditions

Optimum condition TS (MPa) E (%)
pH Temperature (°C) Time (min) Predicted Experimental® Predicted Experimental®
9.5 91.5 95 10.11° 10.37+0.70° 95.63" 96.47+5.59*

? Mean value of three replicates+standard deviation. Different letters in superscript indicate significant (»<0.05) difference within a column

developed mathematical models. The residual plots indicated
anormal distribution as they lay approximated along a straight
line and there were no apparent problems with normality in all
cases (Fig. 4a—b). As shown in the plot of residuals versus the
predicted response (Fig. 5a-b), the residuals scattered ran-
domly on the display, suggesting that the variance of the orig-
inal observation was constant for all values of response vari-
ables. Both of'the plots (Figs. 4 and 5) are satisfactory, and this
result can confirm the adequacy of the developed models.

Validation of response surface models

Experiments were performed to validate the adequacy of
the response surface based model in predicting the op-
timum condition for glycosylation. TS and E of PPI-XF
were 10.37 MPa and 96.47 % respectively under the
optimized condition (Table 3). No significant differences
(»>0.05) between predicted TS and E values and the
experimental values were found indicating that the re-
sponse surface based optimization can be confidently
used to predict the optimum glycosylation condition to
produce PPI-XF films.

Physical properties of peanut protein films

PPI and PPI-X films were analyzed by SDS-PAGE to examine
the molecular weight distribution. The results (Fig. 6) showed
that the two protein films were comprised of similar protein
subunits, but the molecular weight distributions were differ-
ent. The intensity of the bands of protein decreased after gly-
cosylating with xylose (lane 3) and high molecular weight
aggregates (higher than 170 kDa) were observed in PPI-X
due to cross-linking.

Glycosylation of PPI with xylose significantly im-
proved the mechanical properties and solubility of PPI
films. Small molecular weight carbohydrates are usually
considered to be good plasticizers for film formation
(Muscat et al. 2012). The Maillard reaction that occurs
between proteins and saccharides was also found to be
beneficial for improving the mechanical and water bar-
rier properties of protein films (Su et al. 2010). As
shown in Table 4, the tensile strength and the elonga-
tion both have increased significantly (»p<0.05) due to
the glycosylation of PPI with xylose. The tensile

@ Springer

strength of the modified peanut protein films developed
in this study was much higher than the tensile strength
of peanut protein films produced by crosslinking with
citric acid (Reddy et al. 2012) and plasticizing with
glycerin (Reddy et al. 2013; Liu et al. 2004; Jangchud
and Chinnan 1999). The elongation of the xylose gly-
cosylated peanut protein films developed in this study
was higher than or very close to the values reported in
the literature (Table 4). Meanwhile, the cited literature
showed that films with higher TS exhibited lower E,

MwW
(kDa)

170
130
100

70
35

40
35

25

15

10

Fig. 6 SDS-PAGE analysis of PPI-XF and PPI-F. The lane 1, 2 and 3
indicated standard protein marker, PPI-F and PPI-XF. PPI-XF and PPI-F
represent films produced from peanut protein isolate glycosylated with
xylose and films produced from peanut protein isolate without xylose,
respectively



J Food Sci Technol (October 2015) 52(10):6242-6253

6251

Table 4 Comparison of the tensile strength (TS), elongation (E), total soluble matter (TSM) and water vapor permeability (WVP) of peanut protein

films

Films TS (MPa) E (%) TSM (%) WVP (g mm/m? h kPa) Reference

PPI-XF* 10.37+0.91° 96.47+5.95" 35.94+3.44° 0.16+0.01° This paper

PPI-F* 7.49+0.51° 88.53+16.20° 96.64+2.11* 0.19+0.01* This paper

Peanut protein film 8.0+0.6 63.0£13.5 - - Reddy et al. 2013

Peanut protein film 6.1+0.6 38+10 - - Reddy et al. 2012

Peanut protein film 1.27+0.23 98.26+32.25 42.74+1.04 0.94 Liu et al. 2004

Peanut protein film 4.35+0.12 105.00+39.55 - 0.38 Jangchud and Chinnan 1999

? Mean value of three replicates=+standard deviation. Different letters in superscript indicate significant (p<0.05) difference within a column. PPI-XF
represents films produced from peanut protein isolate glycosylated with xylose. PPI-F represents films prepared from peanut protein isolate without

xylose

while films with higher E exhibited lower TS. However,
films made from xylose glycosylated peanut protein
displayed much better mechanical properties with both
high strength and high elongation. The higher tensile
strength of the films developed in this study compared
to the similar peanut protein films reported in the cited
literature is due to the formation of high molecular
weight biopolymers (Fig. 6) and compact network after
glycosylation with xylose. As shown in Fig. 7, the cross
sectional microstructure of the glycosylated film
(Fig. 7a) shows a homogenous and more compact struc-
ture compared to that of the PPI-F film (Fig. 7b). The
SDS-PAGE and microscopic images explain why the
tensile strength of the xylose glycosylated film was
much higher than the unmodified one.

Liu et al. (2004) reported the TSM of peanut protein
film to be 42.74 %. However, these authors determined
the solubility after the films were dried at 105 °C for
24 h. This drying step could increase the resistance of
protein films to water and hence the solubility measured
in this way is expected to be lower (Tang et al. 2005).
Hence, we determined the solubility of the films by

Fig. 7 SEM micrographs of the
cross-section of (a) PPI-XF, (b)
and PPI-F. PPI-XF and PPI-F
represent films produced from
peanut protein isolate
glycosylated with xylose and
films produced from peanut
protein isolate without xylose,
respectively

immersing the films into water immediately after they
were obtained from film casting step. Interestingly the
solubility of the xylose glycosylated PPI films was sig-
nificantly (p<0.05) lower (Table 4), than those without
xylose. The xylose glycosylated film remained intact
after immersion in water (Fig. 8a) and an intact struc-
ture could be observed after 12 h (Fig. 8b) and 24 h
(Fig. 8c) of immersion. On the contrary, the PPI-F dis-
solved immediately (Fig. 8d) after immersion in water
and was disintegrated into small pieces (Fig. 8e), and
fully dissolved in water within 30 min (Fig. 8f). On the
other hand, the water vapor permeability of peanut pro-
tein film was also decreased significantly (p<0.05) due
to glycosylation with xylose (Table 4). It is reported
that the tertiary structure of protein can be significantly
affected by Maillard reaction (Huang et al. 2012).
Glycation-induced cross-linking increases the interac-
tions of protein chains and exposes the free sulfydryl
(SH) groups and hydrophobic side chains. The forma-
tion of new disulfide cross-linking takes place and in-
termolecular hydrophobic interaction increases due to
the evaporation of the solvent during drying of the

18.8um
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Fig. 8 Pictorial view of dissolution (solubility) of PPI-XF (a—c) and PPI-
F (d—f). PPI-XF and PPI-F represent films prepared from peanut protein
isolate glycosylated with xylose and films prepared from peanut protein
without xylose, respectively. a, b and ¢ show solubility of PPI-XF when

film-forming solution (Liu et al. 2004). The disulfide
bonds and intermolecular hydrophobic interactions give
rise to the tighter and denser protein network, which
improves the mechanical properties and decreases solu-
bility of films in water.

Conclusions

The glycosylation and film forming process of peanut protein
isolate using xylose was optimized. The differences in degrees
of glycosylation suggested that during the modification pro-
cess the structure of peanut protein underwent some changes
and crosslinking should occur between PPI and xylose due to
Maillard reaction. On the other hand, the response surface
based optimization methodology was suitable to optimize
the glycosylation process in terms of pH, temperature and
time. The optimum modification pH, temperature and time
were found to be 9.5, 91.5 °C and 95 min, respectively. Under
these conditions, the tensile strength and elongation of the
films produced from the xylose glycosylated PPI were
10.37 MPa and 96.47 %, respectively. The glycosylation of
PPI with xylose was found to significantly (p<0.05) improve
the properties of films by increasing the TS and E values and
decreasing the solubility significantly. The solubility of PPI
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immersed in water for 1 min, 12 and 24 h, respectively. d, e and f show
solubility of PPI-F when immersed in water for 1, 10 and 30 min,
respectively

films decreased from 96.64 to 35.94 % due to glycosylation
with xylose and these films remained intact even when they
were immersed in water for 24 h. The interior structure of
these modified films was denser and more compact than the
PPI-only films. This could broaden the application scope of
biodegradable PPI films in food packaging sector.
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