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Mechanical and thermal properties of microcrystalline cellulose-
reinforced soy protein isolate-gelatin eco-friendly films

Chenchen Li,t Jing Luo,T Zhiyong Qin, Hui Chen,* Qiang Gao* and Jianzhang Li*

Eco-friendly films containing soy protein isolate (SPI1), gelatin, and microcrystalline cellulose (MCC) were made by casting.
Effects of MCC content on mechanical and thermal properties of MCC-reinforced SPI-gelatin (MSG) films were studied.
With the increasing of MCC content, thickness and tensile strength (TS) of MSG films increased, and the elongation at
break (EB) decreased. MSG films containing 3.5% MCC (MSG3.5) had the limit values of the thickness, TS, and EB, which
were 108%, 351%, and 27% of those of films without MCC, respectively. While all MSG films exhibited lower moisture
content and total soluble matter compared to SPI-gelatin film. Film with 1.5% MCC (MSG1.5) had the minimum value of
moisture content as 16.41%, and film with 2.5% MCC (MSG2.5) had the minimum value of total soluble matter as 24.87%.
Scanning electron microscope photomicrographs showed that MCC dispersed well in the SPI-gelatin matrix, and the films
had a relatively smooth surface. Blending of 2.5% MCC caused a rough and uneven surface, resulting in a more ductile
failure of MSG2.5 films. Attenuated total reflectance-Fourier transform infrared spectroscopy revealed that there was no
intermolecular association via chemical bonds between MCC and SPI-gelatin. Thermo-gravimetric analysis showed that the
thermal degradation of MSG films initiated at higher and ended at lower temperature than the SPI-gelatin film. Date of
differential scanning calorimetry scans indicated that MSG films had a smaller degree of crystallinity, which was also
confirmed by test results of dynamic mechanical analyzer. Blending MCC with SPI-gelatin film has been successful in
obtaining better mechanical and thermal properties as well as reduced moisture sensitivity. In addition, the films became

more transparent, and transmittance was improved.

1. Introduction

In recent years the demand to develop eco-friendly materials
for coating, packaging,l'2 agriculture and medicine has greatly
increased.>* Due to growing concerns over sustainability and
bioeconomy, efforts toward producing eco-friendly polymer
composite materials based on biodegradable polymers, e.g.
proteins,5 starch,7 and Iignin,8 for various
commercial applications have gained significant momentum.
Soy protein isolate (SPI) is a kind of abound, inexpensive,
biodegradable, and nutritional raw material.® It is a mixture of
proteins with different molecular properties. The two major
globulins present in the SPI, 7S and 11S, amounting about 37%
and 31% of the total extractable protein, have a good film-
forming ability.10 Many researchers have confirmed SPI-based
film have a certain mechanical strength and oxygen, water

6
cellulose,

barrier properties in the presence of the plasticizer, which is
widely used in the area of food engineering.u’12 However, the
film obtained from unmodified SPI is very brittle and colored,

and have relatively poor mechanical properties and moisture
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barrier properties, which is a critical issue for commercial
applications.lg'14 Gelatin (G) is another eco-friendly material
obtained by partial degradation of collagen. It has been added

12,15 .
All films were weakly
16,17

to SPI to form composite films.
colored and more extensible than the unmodified SPI films.
Unfortunately, the low water resistance and the extremely
high solubility of SPI-gelatin films hinder the application of this
composite films.'®

Microcrystalline cellulose (MCC) is a commercially available
material prepared by acid hydrolysis of wood fiber, back-
neutralization with alkali, and spray—dried.19 The resulting
particles are porous, about 10-50 um in diameter, with a high
cellulose content and higher crystallinity. They are composed
of aggregate bundles of multi-sized cellulose micro-fibrils that
are strongly hydrogen bonded to each other.2%?? Recently,
MCC has been successfully applied as a new kind of filler,
because the reinforcing phase shows both a high aspect ratio
and bending strength in synthetic and natural matrices. For
example, MCC has been used as reinforcement in
thermoplastic starch/poly(butylene adipate-co-terephthalate)
films, 3 (itric acid modified potato starch films, 2 and
composite  edible  films  based on hydroxypropyl
methylcellulose.25 Despite numerous studies on composite
films of MCC, there have been few reports on MCC reinforced
SPI films.”®
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To improve the mechanical properties and moisture barrier
properties of SPI films, In this work, the functional merits of
MCC and gelatin were employed. MCC-reinforced SPI-gelatin
(MSG) composite films were prepared. Effect of MCC content
on film properties was investigated. Difference in properties
including moisture content, total soluble matter, mechanical
property, thermal property, and microstructure between SPI-
gelatin film and MSG film were analyzed to explore the MCC-
reinforced mechanism.

2. Experimental
2.1 Materials

SPI with protein content of 95% was purchased from Yuwang
Ecological Food Industry Co., Ltd. (Shandong province, China).
Gelatin with an isoelectric point about pH 7-9 and 4-
hydroxyproline content of 127 mg/g proteins was purchased
from Shandong Yishui XinLi Co., Ltd. (Yishui, Shandong
province, China). MCC ((CgH100s), ) with the granularity of 20
to 100 um was acquired from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Glycerol (99% purity) was obtained
from Beijing Chemical Reagents. Analytical grade of sodium
hydroxide pellets was provided by Beijing Chemical Reagents.
Deionized water was used for the preparation of all solutions.
2.2 Preparation of MCC-reinforced SPI-gelatin films

SPI solution was prepared by mixing SPI (20g) and glycerol
(10g) together in deionized water (370g) with constant stirring
of 30 min. The pH value of the solution was adjusted to 10+0.1
with NaOH solution (30%, w/w). Then the solutions were
heated for 30 min at 85°C. Gelatin solution (5%, w/w) was
hydrated at room temperature for 30 min, then dissolved in
50°C water bath, adding glycerol (50%, w/w of gelatin) with
mechanical stirring for about 20 min until completely
dissolved.

SPIl solution and gelatin solution were mixed together
under constant stirring with the ratio of 2:1, adding certain
amount (0, 0.5, 1.5, 2.5, 3.5% w/w, respectively) of MCC to get
MSG film-forming solution. Table 1 shows the content of
different samples. MSG film-forming solution was then placed
under ultrasonic for about 5 min to remove bubbles. MSG
solutions (40 mL) were cast onto Teflon-coated plates, and
then dried at 45 °C for 20 h in a vacuum drying oven (Yiheng
Scientific Instruments Equipment Co., Ltd. Shanghai, China). All
films were standing at room temperature for 48 h after peeled
off from plates. Films were named as MSGX, where X
corresponds to the percentage content of MCC added.

2.3 Film thickness

The thickness was determined as the average of 8
measurements for each sample with a hand-held micrometer
(Shanghai measuring and cutting tool Factory co, Ltd, China).

2.4 Moisture content (MC)

MC of the samples were measured according to the ASTM D
1576-90 procedure recommended for protein (wool) fibers.”’
Film samples were weighted (W,) into glass dishes, dried in an
air-circulating oven at 105 °C for 24 h and weighted again (W,).

2| J. Name., 2012, 00, 1-3

Moisture content for each film was determined in
quadruplicate by Eq. (1).
MC (%) = [(W; — W)/ W,] x 100 Egq. (1)
Table 1 The content of different samples
Sample SPI(g) Gelatin(g) MCC(g) Gly(g) Water(g)
G 0 2.0 - 1.0 37.0
SPI 2.0 0 - 1.0 37.0
MSGO 2.0 1.0 0 1.0 36.0
MSGO0.5 2.0 1.0 0.2 1.0 35.8
MSG1.5 2.0 1.0 0.6 1.0 35.4
MSG2.5 2.0 1.0 1.0 1.0 35.0
MSG3.5 2.0 1.0 1.4 1.0 34.6

2.5 Total soluble matter (TSM)

Dry and soluble matters were measured on different films.
Four weighted samples of each film were directly immersed in
beakers (50 mL) containing 30 mL of distilled water. Traces of
sodium azide were also added to inhibit microbial growth. The
beakers were covered and stored in an environmental
chamber at 25 °C for 24 h with occasional stirring. The
insoluble matter was then separated and dried in an oven at
105 °C for 24 h (W) to determine the solubilized dry matter by
Eq. (2). Initial dry matter values needed for TSM calculations
were those obtained from MC measurements for a film with
the same mass (Wi). The measurements for each type of film
were obtained in quadruplicate.
TSM (%) = [(W; — Wy)/Ws] x 100

2.6 Mechanical properties

Eq. (2)

Films were conditioned at 25 °C and 50% relative humidity
(RH) for 48 h before cut into rectangular specimens of 80 mm
x 15 mm dimension. Their mechanical properties were
characterized using tensile testing machine. Tensile strength
(TS), elongation at break (EB) and Young’s modulus (E) were
determined according to a computer measurement. A control
tensile testing machine (WDW3020, China) was used with an
initial grip separation of 100 mm and crosshead speed of 0.5
mm/s. Four replicates were tested for each sample.

2.7 Scanning electron microscope (SEM)

Film samples were dried in an oven at 103 + 2 °C until a
constant weight was obtained. The samples were adhered by
double-sided adhesive for 2 cm in diameter of a disc and
coated with thin gold layers about 200 A before observation.
The surface morphologies of samples were characterized using
a scanning electron microscope (FEI, Quanta 200, Netherlands)
with 2000 X magnification at an accelerating voltage of 15 kV.
2.8 Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy

ATR-FTIR spectra of MSG films were carried out on a Nicolet
6700 FTIR Spectrometer (Thermo Scientific, USA). A total of 32
scans were performed at 4 cm™ resolution with scan width of
4000-600 cm ™.

2.9 Thermal gravimetric analysis (TGA)

This journal is © The Royal Society of Chemistry 20xx
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Thermal stability of films was measured using Q50 TGA
analyzer (TA Instrument, USA). Samples were dried at 40 °C for
24 h and then scanned from 10 °C to 605 °C at the rate of 10 °C
/min, with nitrogen atmosphere (10 mL/min) to avoid thermo-
oxidative reactions.

2.10 Differential-scanning calorimeter (DSC)

DSC of MSG films were carried out on DSC TA Q-2000 (TA
Instrument, USA). About 4 mg of the film specimen was
compressed in the aluminum standard pans and scanned in
duplicate at a rate of 10 °C /min from -20 °C to 250 °C.

2.11 Dynamic mechanical analyzer (DMA)

The dynamic mechanical properties of SPI-gelatin and MSG
films were determined using a dynamic mechanical analyzer
(Q800, TA Instruments, USA). DMA was performed in a tension
mode at a frequency of 1 Hz and amplitude of 15 um. Analyses
were performed on rectangular specimens with dimensions of
20 X 10 x 0.3 mm (length x width x thickness). The samples
were heated from 40 to 200 °C at a heating rate of 5 °C/min.
The storage modulus (£’), loss modulus (E”), and loss tangent
(tand = E”/E’) were recorded as a function of temperature.
Glass transition temperature (T,) was determined as the
temperature at which tan § attained its peak value.

2.12 Statistical analysis

Analysis of variance and least significant difference tests were
carried out using SPSS PASW Statistics (Version 18, SPSS Inc.,
Chicago, USA) to determine differences among the means.
Tukey’s test was applied to detect differences of the means,
and p<0.05 was considered to be statistically significant.

3. Results and discussion
3.1 Physical and mechanical properties

The preparation of MSG films using different amount of MCC
as reinforcement agent was carried out by casting. The films
were flexible and thicknesses from 281 to 293 um were
obtained. As shown in Fig. 1, film color varied from yellow to
slightly yellow with the increasing content of MCC.

To evaluate the effect of MCC on MSG films, different film
properties such as thickness, MC and TSM were evaluated.
Table 2 shows the results. All the films containing SPI have
similar thickness, which were thicker than the film made from

gelatin or SPI alone, and significantly different from gelatin film.

Moreover, due to the porosity of MCC, thickness of MSG films
increased with the increasing content of MCC. Film containing
both SPI and gelatin exhibited significantly lower water
content than that of the film containing SPI or gelatin alone.
With different amount of MCC in the composite films, the
water content decreased first, and then increased. Film with
1.5% MCC had the lowest MC of 16.41%. This effect is mainly
owing to its properties of reversible absorbency. MCC
chemically is a poly-hydroxyaldehyde. When the amount of
MCC is below a critical value, it presents the hydrophobicity,
otherwise it shows the hydrophilicity.28

It was also observed that TSM values of SPl-gelatin
composite film was between the value of SPI and gelatin films.

This journal is © The Royal Society of Chemistry 20xx

MCC content of 1.5% and 2.5% has significantly effect on the
total soluble material of MSG film. MSG2.5 films had the
lowest TSM of 24.87%, approximately 11.38% decrease with
respect to the composite films without MCC. This effect is
particularly important. When MCC content reaches to a proper
value, this film could be more resistant in the wet state.

Table 2 The thickness, moisture content (MC), total soluble matter (TSM), and Young’s
modulus (E) of G, SPI, MSG (with 0, 0.5, 1.5, 2.5 and 3.5% MCC, respectively) films

X Thickness E

Film MC (%) TSM (%)
(1m) (MPa)
Gelatin  193+18.49°  20.28+9.07°  60.13+3.51°  45.32+3.28°
33.41#1.36°  66.11+5.09"

SPI 277428.12°  20.89+#8.91° |
MSGO 271#32.41°  18.8849.17°  36.25+3.77°  47.52+4.27°
MSGO.  281#36.32° . 33.0847.39° 61.4445.44"
s N 16.59+9.79° .
MSG1.  284#41.45° . . 75.21#5.17°
5 ) 16.4149.93°  32.97+6.64
MSG2.  288+40.12° . 4 107.35%6.13°
5 ) 16.81+8.75°  24.87+7.19° |
MSG3. . 17.54+7.66° 28.07+5.89°  120.03%7.22°
5 293+45.63° | )

abed pifferent letters in the same column indicate significant differences (p<0.05)

SPI MSGL.5
MSGO MSG2.5
MSGO0.5 MSG3.5

Fig. 1 Photographs of the prepared gelatin (G), SPI, and MSG (with 0, 0.5, 1.5, 2.5 and
3.5% MCC content) films.

Mechanical properties were evaluated by TS, EB and
Young’s modulus (E) from the stress-strain curves of each film.
As observed from Fig. 2, TS values increase significantly with
the increase of MCC content. TS values reached to 5.94 MPa
when there was 3.5% MCC in the composite film, which was
about 3.5 times of that of MSGO. Whereas, EB values reduce to
25.7% at MSG3.5, which was 0.27 times of that of MSGO,
making it a less deformable films. To Young’s modulus, only
MSGO, MSG1.5, and MSG3.5 showed significant differences
(Table 2). The increased Young’s modulus of film MSG3.5
indicates that the film became stiffer when the content of MCC
was 3.5%. From above results, MSG2.5 have TS of 4.34 MPa,
EB of 45%, TSM of 24.87%, and E of 107.35 MPa comparing to
1.69 MPa, 95.4%, 36.25% and 47.52 MPa of MSGO films
respectively, inducing a relatively better films with good
mechanical properties.

The high crystallinity of MCC with the presence of unfolded
proteins of high-molecular weight, and poly-disperse nature of
gelatin results in a film of considerable thickness, with
noticeably improvement of tensile strength.zg’29 When MCC
were introduced at low concentrations (0.5%), gelatin

J. Name., 2013, 00, 1-3 | 3
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aggregation as well as SPl-gelatin interactions continues to
hold sway, leading to indistinctive reinforcement of the
composite film. As the content of MCC increased, the
consequent formation of hydrogen bond and interpenetrating
network between MCC and SPI-gelatin composite enhanced
the film’s mechanical properties.30 The TS and TSM results
indicate that MSG2.5 had the relatively high resistance to
water as well as superior mechanical properties.

——TS
b EB 100
\ e
5
= =
o 4 Leo &
< o
0 w
34
- 40
2
1 L2
1 T T T T T T T
G SPI  MSGO MSG0.5 MSG1.5 MSG25 MSG35

Samples
Fig. 2 The TS and EB curves of SPI, gelatin (G), and MSG (with 0, 0.5, 1.5, 2.5 and 3.5%
MCC content) films.

3.2 Microstructure at the surfaces of films

The SEM photomicrographs of the surfaces of films: (a) SPI
films, (b) MSGO, (c) MSGO0.5, (d) MSG1.5, (e) MSG2.5, and (f)
MSG3.5 were shown in Fig. 3a-3f. The surfaces of SPI films (Fig.
3a) were relatively smooth, indicating that SPI has good film-
forming ability. With the incorporation of gelatin, the films
possessed more even and homogeneous surface as illustrated
in Fig. 3b. It indicated the successful interaction between soy
protein and gelatin, such as hydrogen bonding or electrostatic
interaction. The blending of MCC with SPl-gelatin solution
leads to a much better interfacial contact and a fine
compatibility (Fig. 3c, d). The presence of 2.5% MCC caused a
rough and uneven surface, resulting in a more ductile failure of
MSG2.5 films (Fig. 3e). The excessive amount of MCC in
MSG3.5 films caused asperities at the surface (Fig. 3f), which
may be due to the non-uniform distribution.

3.3 ATR-FTIR analysis

Fig. 4 shows the ATR-FTIR spectra of MCC, gelatin films, SPI
films, SPl-gelatin composite films, and the composite film with
2.5% MCC. The gelatin film, SPI film and their corresponding
mixture showed similar IR peaks in the range of 4000 to 1300
cm™. The observed board band in the range of 3500-3000 cm™
is attributable to O-H stretching and N-H bending, which are
able to form hydrogen bonding with the carbonyl group of the
peptide linkage in the protein.31 Moreover, the main
absorption of SPI film such as C=0 stretching at 1634 cm™
(amide 1), N-H bending at 1538 em™ (amide 1), C-H
deformation at 1401 cm'l, and the C—N stretching (amide Ill) at
1238 cm™ still exist in the SPl-gelatin composite films.>?
Comparing with SPI film, it was observed that peaks of amide |
and Il in MSG2.5 films showed a slight shift to lower

4| J. Name., 2012, 00, 1-3

wavenumber. It suggested that the polarity decreased as more
hydrogen bonds formed between gelatin, MCC and protein
molecules. The characteristic C-H stretching of CH, and CH; at
2931 and 2877 cm™ in SPI-gelatin and MSG2.5 films also varied
significantly. These data indicated that inter- and intra-
molecular hydrogen bonding has been formed between
protein chains and polar groups, and further demonstrated
that the protein structure changed from compact to unfolded.

The spectra of MCC exhibited a broad absorption band at
3332 cm"l, which corresponded mainly to stretching vibrations
of the OH groups from adsorbed water molecules as a result of
the great hygroscopicity of this material. The peak at 2890 cm™
appeared due to C-H stretching. The bands at 1428 and 1315
cm™ were attributed to the asymmetric CH, bending and
wagging.33 Moreover, the peak at 1205 em™ is due to the OH
in-plane bending vibration. The sharp peak appearing at 1160
cm™ in MCC can be attributed to the bending mode of C-CH,-C,
which also appeared in the composite films with MCC. There
was no new peak produced in MSG2.5 films, indicating that the
reinforcement of MCC to the composite films was not caused
by chemical reaction. The reinforced properties of MSG2.5
films are attributed to the effects of hydrogen bonds or
electrostatic interaction and/or hydrophobic nature from
protein-gelatin and protein-MCC molecules.

(b)

Fig. 3 SEM photomicrograph of the fractured surface of the films: (a) SPI films, (b)
MSGO, (c) MSGO0.5, (d) MSGL1.5, () MSG2.5, and (f) MSG3.5.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 TGA scans of MCC, gelatin, SPl and MSG (with 0, 0.5, 1.5, 2.5, and 3.5% MCC content, respectively) films.

3.4 Thermo-gravimetric analysis

Thermal gravimetric (TG) and derivative thermal gravimetric
(DTG) curves of MCC, gelatin film, SPI films and MSG (with O,
0.5, 1.5, 2.5, and 3.5% MCC content, respectively)

films are illustrated in Fig. 5a. Thermal degradation of all MSG
films consists of three stages. Weight loss in the first stage
(below 150 °C) is assigned to evaporation of residual moisture.
The second step (from 250 to 400 °C) is due to the degradation
of SPI, and loss of glycerol from the films.>* The final weight
loss between 300°C to 600°C is due to the decomposition of
MCC.

As the DTG thermogram showed in Fig. 5b, the MSGO films
started to degrade at 141.15 °C and end at 369.40 °C. The
MSGO.5 films degraded at 183.11°C and ended at 382.69 °C.
The MSG3.5 films degraded at 189.59 °C and ended at 369.61
°C. The whole time of degradation process not only delayed,
but also decreased with the increase of MCC content.
Moreover the percentage weight loss dropped faster
corresponding to the growth of MCC content. TGA indicate
that the thermal stability of the MSG films improved with the
addition of MCC.

3.5 Differential-scanning calorimetry test

This journal is © The Royal Society of Chemistry 20xx

DSC thermograms of MCC, gelatin, SPI and MSG films are
shown in Fig. 6. The glass transition temperature (7;) of
different MSG samples was used to analyze the effect of MCC
on the thermal properties of films. In Fig. 6, the endothermic
peaks of MCC, gelatin and SPI films were located at
temperature of 74.91, 77.33 and 84.52 °C, respectively, while
the T, of MSGO0.5, MSG1.5, MSG2.5 and MSG3.5 were 117.94,
118.72, 120.93 and 116.11 °C, respectively. In the
thermograms of gelatin modified SPI film, two endothermic
peak at 66.39 °C and 85.26 °C can be observed, which
corresponded to the denaturation of the 7S (B-conglycinin)
and 11S (glycinin) globulins of SPI, respectively. These
denaturation temperatures shifted to higher values after
adding MCC to the SPl-gelatin films. Above results also
indicated that the T of SPl-gelatin film was lower than all MSG
samples. Because the MSG films reconstruct the original SPI
and gelatin structures during forming film process, and the
stronger hydrogen bonding effect in MSG3.5 results in an
improved dispersion of protein chains. MSG3.5 film showed
the lowest T, in all MSG samples.

When different polymers are mixed, they will interact with
each other, either by combing together or by separating apart,

J. Name., 2013, 00,1-3 | 5
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called associative (synergistic) or segregative (antagonistic)
effects, respectively. Structural incompatibilities films can
occur when disrupted matrix apparently act as inactive filler. In
addition, synergistic effect in composite films can also occur
when either of the two components is structurally compatible
with each other or one component acts as active filler, such as
MCC. When low concentration of MCC (0.5 %) was added, the
MCC dispersed the soybean protein concentrate matrix, which
maintained its integrity. Increasing the MCC mass percentage
to 1.5% resulted in hydrogen bond between the soybean
protein concentrate network which still appeared to be in a
continuous phase in the matrix. When the MCC mass
percentage was increased further, the MCC disperse in the
soybean protein isolate, forming network with SPl-gelatin
composite. Further increasing the MCC content more than
2.5% resulted in the formation of a new phase which keeping
the main endothermic peaks of the initial composite without
the former endothermic peak at 66.39 °C. The shape of the
melting peak also depended on the moisture content in the
sample. % The moisture content of these DSC samples was
shown in Table 2. These DSC results further demonstrated that
SPl-gelatin and MCC are merged during heating.

—MCC
- MSGO
= = MSGO0.5
- = MSG1.5
- = MSG2.5
= = «MSG3.5
----- Gelatin

-—— Endothemic Heat flow (w/g)

T T T T
0 50 100 150 200

Temperature (°C)

Fig. 6 DSC thermograms of MCC, SPI, gelatin, MSG (with 0, 0.5, 1.5, 2.5, and 3.5% MCC
content, respectively) films.

3.6 Dynamic mechanical analyzer test

DMA measures the viscoelastic properties of the polymers
with changing temperature. Thermal transitions are generally
associated with chain mobility. The most important transition
is the glass transition, which is related to the onset of main
chain motions.*® Fig. 7 shows changes in storage modulus and
tan delta values of SPI-gelatin and MSG films as a function of
temperature. The T; value has been determined as the
temperature versus the maximal tan delta values. Over the
entire temperature range, storage modulus of the MSGO films
was the lowest among all that of other films (Fig. 7a). After 70
°C, storage modulus of MSG films has been improved
obviously by increasing the content of MCC. The improvement
of rigidity suggests that MCC has a strong reinforcement effect
on SPI-gelatin films. The increase in storage modulus is also in
agreement with the results of tensile testing where Young’s

6 | J. Name., 2012, 00, 1-3

modulus increased with increasing MCC content. It further
confirmed that hydrogen bond was formed between MCC and
SPl-gelatin composite, which enhanced the film’s mechanical
properties.

Storage Modulus (MPa)

MSG2.5

| g, e

Tan Delta
o
8
!

0.25 4

0.20

0.15 4

0.10 4

T T T T T

60 80 120 140 160 180
Temperature (°C)

Fig. 7 DMA thermograms storage modulus (a) and tan delta (b) of SPI and MSG (with 0,

0.5, 1.5, 2.5, and 3.5% MCC content, respectively) films.

T
100

Effects of temperature on tan delta showed a significant
increase in T, value (Fig. 7b). SPI films had a tan delta peak
value of 85.3+1.7 °C. The tan delta peak value increased as
MCC content increase to 2.5% and then decreases with further
increase in MCC content to 3.5%. This is attributed to reduced
mobility of biopolymer chains of SPI in the SPI-gelatin matrix.
The magnitude of tan delta peak is an indication of the motion
of polymer chains in amorphous phase.37 The broad peak with
reduced magnitude at higher MCC contents can be attributed
to the restricted motion of biopolymer chains of SPI due to the
existence of excessive MCC. This is consistent with the lowest
EB of MSG3.5.

3.7 Relationship between the dispersion state and reinforcement
effect of MCC

There are abundant carboxyl groups and amino groups in SPI
and gelatin protein. These oxygen and nitrogen containing
groups could interact with the hydroxyl groups and oxygen
atoms in MCC chain by hydrogen bonds, which is beneficial to
homogeneously dispersion of MCC chains. The dispersion state
of MCC in SPI and gelatin is depicted in Fig. 8.

Based on SEM, FTIR and DMA measurements, the
dispersion states of MCC in SPI varied with MCC content.
Considering from the protein structure, gelatin has a fibrous
tertiary structure then forms a triple helical, cross-linked

This journal is © The Royal Society of Chemistry 20xx
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quaternary structure, thus can form a soft, flexible and elastic
gel.38 On the other hand, SPI is a complex mixture of proteins
with widely different molecular properties. Most soy proteins
are globulins. Thus SPI is a less organized matrix. In the gelling
and film forming process, gelatin can re-nature and, re-acquire
part of the triple helix structure of the collagen, which is a
protein with a high degree of organization. With 0.5% MCC,
MCC chains are considered to align parallel to the surface of
regenerated composite film and are homogeneously
distributed in SPl-gelatin matrix without intercontacts. With
increasing of MCC content, the effect of hydrogen bond
between MCC, gelatin and SPI increased. The crystalline phase
or the ordered region of gelatin and SPI, changed to
amorphous phase or more disordered region easily, and thus
producing the well uniform distribution and better
interpenetrating network in MSG films. When MCC content
was between 2.5% and 3.5%, the uniform dispersion and a
certain degree of alignment of MCC chains in the SPI-gelatin
matrix occurred. The well-organized aggregation of SPl-gelatin
matrix with MCC chains, together with the strong
interpenetrating between SPI and gelatin matrix significantly
enhance the mechanical properties of the regenerated MSG
films.

MSG Film

Gelatin

Crystalline phase ®® Hydmgen bond - Amorphous phase
Ordered region

Ge'a“"\A/\ﬂ—vavvwvvvv» ‘W\N\/\/\N\W

CH,OH CH,OH

@W@%ﬁ
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Flg. 8 Schematic illustrations of the relationship between the dispersion state and
reinforcement effect of MCC in MSG film.
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Conclusions

In summary, MCC-reinforced SPI-gelatin composite films were
successfully prepared. The influence of MCC content to
composite films properties was studied, and TS, EB, SEM, ATR-
FTIR, MC and TSM of MSG films were investigated. 2.5%
content of MCC in SPI films could significantly improve the
properties of the films, particularly their mechanical properties
and water resistance. Furthermore, thermal properties

This journal is © The Royal Society of Chemistry 20xx

characterized by TGA, DSC and DMA showed that the thermal
stability of MSG films was improved. The intra-molecular
hydrogen bonds between SPI, MCC and gelatin were formed,
and these interactions led to improved integration of MCC and
gelatin into the protein matrix, which were supported by FTIR
and SEM analysis. Above all, the preparation of biodegradable
MSG films provides a convenient and promising way for
environmental friendly film material.
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