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The relationships between the microstructural and physical properties of the whey protein isolate

and gelatin (WPI/gelatin) composite films were investigated in the present work. Through the

electrostatic effects at pH 8, WPI and gelatin molecules could form compact aggregates in solution,

where a remarkable shrinkage of the gelatin molecules was observed, when the WPI/gelatin mass

ratio was close to 50W:50G. FT-IR analysis indicated that hydrogen bonding also involved the

aggregation and film-forming process. The melting temperature of the 50W:50G composite film

increased by 9 �C compared with the single component films. However, this aggregation process

also made the film network microstructure discontinuous, and led to a decline of the puncture

strength of the film near 50W:50G; in contrast, the deformation and water vapor permeability of the

composite films increased with the gelatin content, while the moisture content and solubility did not

show significant variations.
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INTRODUCTION

In recent years, edible films and coating materials are more and
more used for food packaging to improve the food quality by
serving as mass transfer barriers between food components and the
surrounding systems.Many biomacromolecules including proteins,
carbohydrates and lipids have been used for different purposes
(1-4). Lipid based films have proved to be good water vapor
barriers (5-7). Protein and carbohydrate based films have good
tensile properties, and protein/protein or carbohydrate composite
films have more controllable physical properties (8-13).

The physical properties of the composite films depend upon the
nature of the raw materials and other processing factors such as
concentration, mix ratio, pH, temperature, ionic strength etc.
Longares et al. (8) studied the sodium caseinate (NaCas)/whey
protein isolate (WPI) films, and denoted that the film solubility
increasedwith the glycerol (gly) content in the system, but could not
find the variations of the tensile strength (TS) and water vapor
permeability (WVP) versusNaCas/WPImix ratio. Pérez-Gago and
Krochta (14) studied theWPI/beeswax emulsion film, and reported
that the solubility varied with pH of the system, and a high WVP
couldbeobservedat the isoelectric point,whereprotein aggregation
lowered lipid mobility and reduced interconnectivity among lipid
droplets. Simelane and Ustunol (15) studied WPI/collagen films,
and found that the TS and the elongation (E) of the singleWPI and
collagen filmsdidnot changewith amultistage cookingprocess, but
those of the composite films were initially lower than those of the
collagen films and then continued to decline during the heating
stages. Wang et al. (10) denoted in their work that the physical

properties (TS, E, WVP etc) of WPI/corn oil composite films were
not single factor-dependent, but had complex relationshipswith the
experimental conditions such as pH and WPI/oil mix ratio etc.

The above literature indicated that the variations of the physical
properties of the films were closely related to the changes of the
network microstructure; however, more deeply describing these
relationships needed more details at the molecular level, and this
point was the focus of the present work, where a WPI/gelatin
composite systemwasusedas amodel system, and themain research
methods included light scattering spectroscopy (Nanozetasizer),
infrared spectroscopy (FT-IR) and electron microscopy (SEM).
The reasonswhyWPI and gelatinwere chosen in this work involved
three aspects: (1) WP film was famous for its remarkable transpar-
ency, flexibility and excellent nutritional and functional properties,
and therefore it became one of the most applied potential raw
materials in food production (16-18); and gelatin was a worldwide
mass-produced material used in the manufacture of edible bio-
degradable films (12, 19-22); (2) edible packaging film is also a
food, therefore it needs not only convenient mechanical properties
but also a better chewing texture. The mechanical properties (for
example, puncture strength) of the WPI and gelatin are very
different, and thus the control of their composite system may be
helpful to control themechanical strengthand chewing textureof the
product; (3) although there were many reports about WPI and
gelatin, the analysis about the network microstructure of the
relevant composite films was still not sufficiently clear.

MATERIALS AND METHODS

Materials. Whey protein isolates (WPI, 97% w/w protein) were
purchased fromDavisco Foods International (Eden Prairie,MN).Gelatin
(type B, pig skin) was purchased from Xia Men Hua Xuan Gelatin Co.,
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Ltd. (Xia Men, China). NaOH and glycerin were both analytical grades
and purchased from Beijing Chemical Factory.

Sample Preparations. WPI and gelatin solutions of different concen-
trations (2.5, 5, 7.5 and 10%, w/w) were prepared as follows. WPI powder
was dissolved in deionized water and stirred for about 2 h until completely
dissolved.Then the pHof the solutionswas adjusted to 8.0 using 1NNaOH,
and they were heated in a water bath with agitation at 80 �C for 30 min.
Gelatin was hydrated at room temperature for 30 min and then dissolved in
55 �Cwater bath withmechanical stirring for about 15min until completely
dissolved. Then the pH was adjusted to 8.0 using 1 N NaOH.

Composite film-forming solutions of 10%total proteinwere preparedby
mixing different masses of the above two solutions with the desired ratios
(100W:0G, 75W:25G, 50W:50G, 25W:75G and 0W:100G) of WPI to
gelatin along with the addition of 0.4 g of glycerin/g of protein. The
solutions were stirred at room temperature and then treated ultrasonically
for about 10 min to remove air bubbles. Five grams of each film-forming
solution was poured on Plexiglas plates (8.0�8.0 cm) and then dried at 22(
3 �Cand 56( 8%relative humidity in a constant temperature andhumidity
chamber (Ning-bo-dong-nan-yi-qi Co.,Ningbo, China). The dry filmswere
equilibrated at 22 ( 3 �C and 56 ( 8% relative humidity for at least 48 h
before being subsequently peeled from the casting surface for characteriza-
tion analyses including a mechanical test and FT-IR measurements.

Zeta Potential and Particle Size. The zeta potential and particle size
of single solutions or film-forming solutionsmeasurements were carried out
with a Delsa-Nano particle analyzer (Beckman Coulter Inc., Brea. CA).

Scanning Electron Microscopy (SEM). Films were mounted on
aluminum stubs using high-purity silver paste and carbon paint. The
surface morphology and the cross section of the films were examined by
means of scanning electron microscopy (high resolution cold emission
scanning electron microscope Hituchi S-5500, Japan). All samples were
examined using an accelerating beam at a voltage of 5 kV.

Film Thickness. Film thickness was determined using a digital
micrometer (Cheng-du-cheng-liang Co., China). For each film, the values
obtained at sixteen different locations were averaged.

Mechanical Properties. A texture analyzer (TMS-Pro, Food Tech-
nology Corporation, Sterling, VA) equipped with a cylinder tip was used to
determine the mechanical properties of the films. All the measurements
were carried out using a load cell of 10 kg, and the analysis was performed
using software providedwith the texture analyzer (Texture LabProVersion
1.13-002, Food Technology Corporation). Each test was repeated at least
five times. The film samples were placed in the middle of two polymetha-
crylate plates (custom-made) with a hole of 3.2 cm in diameter, and the
holder was fixedwith four screws. The speed of the cylindrical probe (2mm
in diameter) was 1 mm/s. Strength and deformation values at the puncture
point indicated hardness and deformation capacity of the films. In order to
avoid any thickness variation, the puncture strength values were divided by
the thickness of the films (23). Puncture strength (PS, N/mm) and puncture
deformation (PD, mm) were calculated from the stress-strain curves.

PS ¼ FP

L
ð1Þ

where FP is the max puncture strength (N); L is the thickness of the films
(mm); PD is the fall distance of the probe when the films were punctured.

Moisture Content.Moisture content (MC) was determined by drying
small filmstrips in an oven at 105 �C for 24 h. The weights before and after
the oven drying were recorded. Moisture content was calculated as the
percentage of weight loss based on the original weight. Triplicate measure-
ments of moisture content were conducted for each type of film, and the
average was taken as the result (24).

Water Solubility. Film solubility (S) was determined in triplicate
according to the modified method proposed by Gontard, Guilbert, and
Cuq (25). Three pieces of each film (8 cm in diameter, about 0.6 g total)
were dried in an oven (105( 2 �C; 24 h) to obtain initial dry matter weight
of the films. The dried films were weighted (m1) and then immersed into
50mL of distilled water for 24 h at 22( 1 �C. After 24 h, the unsolubilized
films were taken out of the water and dried (105( 2 �C; 24 h) to determine
the weights of the dry matter (m2) which were not dissolved in water. The
weight of dry matter dissolved was calculated as shown in eq 2 and re-
ported as percent water solubility of the films:

S ð%Þ ¼ ðm1 -m2Þ � 100=m1 ð2Þ

Water Vapor Permeability Measurements. Water vapor perme-
ability (WVP) of films was measured using a modified method described
bySobral et al. (26). Filmswere sealed onto a polymethylmethacrylate cup
containing silica gel (0% RH), and the cups placed in a constant
temperature and humidity chamber (Ning-bo-dong-nan-yi-qi Co., China)
at 22( 1 �C and 90( 5%RH. The cups were weighed every hour for 6 h.
Three samples in total were determined for each film type. Water vapor
permeability was calculated from the equation

WVP ¼ ωxt- 1
3A

- 1
3Δp

- 1 ð3Þ

where ω is the weight gain (kg), x is the film thickness (m), t is the time
of gain (s), A is the permeation area (1.96�10-3 m2) and Δp is the water
vapor pressure differential across the film. Results were expressed as
kg 3 s

-1
3m

-1
3Pa

-1.
Light Transmittance. The light-barrier properties of films were

determined by measuring their light absorption at wavelengths ranging
from 200 to 800 nm, using a UVmini-1240 spectrophotometer (Shimadzu,
Kyoto, Japan). The film specimenwas cut into a rectangle piece and placed
in a spectrophotometer test cell directly, and air was used as reference (27).

Differential Scanning Calorimeter (DSC). Samples of the blended
films were analyzed by differential scanning calorimeter (DSC-60,
Shimadzu, Kyoto, Japan) to determine the glass transition temperatures
and thermal transition temperatures. The instrument was calibrated using
single indium (melting point 156.4 �C). 5-6mg of sample was weighed and
sealed in an aluminum sample pan using an encapsulating press. Duplicate
samples were heated from-100 to 250 �C at a rate of 10 �C/min. An empty
sample pan was used as a reference. The melting temperature was
determined as the maximum temperature of the endothermic peak. The
values of the endothermic enthalpy (J/g sample) were also recorded.

Fourier Transform Infrared Spectroscopy (FT-IR). All spectra
were obtained using a Spectrometer GX FT-IR with a DTGS detector
(Perkin-Elmer, Fremont, CA) infrared spectrophotometer over a range of
4000-400 cm-1 with a resolution of 4 cm-1. Deconvolution of the spectra
was performed using Spectrum v5.0.1.

Statistical Analyses. Statistical data were analyzed using Origin 8.0
and SPSS 16.0. Statistics on a completely randomized design were
performed using the General Linear Models procedure with the one-way
analyses of variance (ANOVA). Duncan’s multiple range test (P<0.05)
was used to detect the differences among the mean values of the film
properties.

RESULTS AND DISCUSSION

Zeta Potential and Particle Size of Single Components. Figure 1

compared the size variation of the singleWPI and gelatin systems
versus protein concentrations at pH8.When protein concentrations

Figure 1. Size measurements of single WPI or gelatin system versus the
corresponding concentrations using light scattering method. Measure-
ments performed at room temperature and at pH 8.
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increased from 2.5 to 10%, WPI particle size increased from
60.8( 1.0 to 1517.7( 58.9 nm and gelatin from 661.5 ( 13.0 to
3507.3( 25.0 nm.Generally,WPI particle sizes were smaller than
gelatin, and we also observed that gelatin particle size increased
faster than WPI. Figure 2 compared the variation of the zeta
potential of the singleWPI and the gelatin systems versus protein
concentrations at pH 8. When protein concentrations increased
from 2.5 to 10%, WPI zeta potential decreased from -28.6 to
-18.5 mV and gelatin from -6.9 to -2.6 mV. Generally, WPI
values were more negative than gelatin.

It was well reported that the increase in particle size was due to
the protein flocculation caused by the disulfide linkages, inter-
molecular hydrogen bonds and van der Waals attractive force
(28). Compared with gelatin, WPI particle sizes were smaller,
because these proteins loaded more negative charges and the
electrostatic repulsions between the molecules were thus stronger
(Figure 2). This state hampered the flocculation process. It should
also be noted that the increase in particle size could lead to a
decline of the specific surface area of the particles. Taking into
account the number of the ionized groups on particle surface

proportional to the specific surface area, the increase in particle
size could lead to a decline of the surface charge and the potential
as seen in Figure 2. Meanwhile, it should be noted that the
formation of the flocs was able to seriously change the hydro-
dynamic properties of the particles hence changing the measure-
ment of the zeta potentials, i.e. in the present experimental
conditions, the larger the flocs were, the lower the zeta potent-
ial was.

Zeta Potential and Particle Size of Composite Film-Forming

Solutions. Figure 3 illustrates the variation of the particle sizes and
zeta potentials versus WPI/gelatin mass ratio in the film-forming
solutions. When the mass ratio varied from 100W:0G to
50W:50G, the size decreased and reached a minimum value,
556.5( 15.4 nm, at 50W:50G.When the mass ratio continued to
vary from 50W:50G to 0W:100G, the size increased up to the
gelatin level. Meanwhile, the zeta potential of the composite
system monotonically decreased from -18.5 to -2.6 mV when
the mass ratio varied from 100W:0G to 0W:100G.

From 75W:25G to 25W:75G, the composite size increased by
35%; at 75W:25G, the composite size was 3-fold higher than that
of 7.5%WPI alone, but of the same order as that of 2.5% gelatin
alone; at 50W:50G, the composite size was 5-fold higher than 5%
WPI alone, but 2.2-fold lower than 5% gelatin alone; at
25W:75G, the composite size was 14-fold higher than 2.5%
WPI alone, but 2.4-fold lower than 7.5% gelatin alone
(Figure 1 and 3). The above data indicated that, during the
aggregation process, gelatin particles exhibited a remarkable
shrinkage when the gelatin concentration was higher than
2.5%. The downward trend of the zeta potential indicated that
a charge-neutralization occurred between WPI and gelatin mole-
cules (Figure 2), and thus the gelatin shrinkage could be attributed
to the electrostatic attractions between the negative charge in
WPI matrix and the residue positive charges in gelatin matrix.
The decrease of the zeta potential with the mass ratio was more
complex. As discussed above, the determination of the zeta
potential could be modified by the hydrodynamic properties of
the flocs,which could be affectedby their conformation, structure
and density etc. Similarly to the single WPI and gelatin system,
the increase of the size led to the decline of the zeta potential.
However, the abnormal variation of the zeta potential during the
shrinkage stage (from 75W:25G to 25W:75G) was not clear.
Probably, the increase of the density caused by the shrinkage led

Figure 2. Zeta potential measurements of single WPI or gelatin system
versus the corresponding concentrations using light scattering method.
Measurements performed at room temperature and at pH 8.

Figure 3. The measurements of zeta potential and particle size of the film-forming solutions versus WPI/gelatin mass ratios. Measurements performed at
room temperature and at pH 8.
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to a settlement trend of the flocs, whichmodified the results of the
zeta potential measurement.

Scanning Electron Microscopy (SEM). Figure 4 exhibits the
SEMphotographs of the surface and the cross section of the films.
The white patches are the debris of the film during the sample
preparation process. Figure 4a shows the surface photograph of
the 50W:50G composite film, which was smooth and homogene-
ous, and these characteristics could be found in all the other
samples (images not shown). Figure 4b exhibits the cross section
of the single WPI film, where we observed that the network
microstructure of the film was constituted with fine-stranded and
twisted wormlike chains. These chains kept an interval of about
0.3 μm, and the diameter of one chain was about 1 μm. This
observation was in accordance with the work of Clark et al. (29)
and Langton and Hermansson (30). They mentioned that these

chains were made up of β-sheets of the protein molecules.
Figure 4c exhibits the cross section of the single gelatin film. To
be distinguished from WPI, gelatin chains were nearly parallel-
arranged, and larger intervals between the chains could be
observed within the matrix. Figure 4d exhibits the cross section
of the 50W:50G composite film, where the protein chains no
longer had the typical fine-twisted or parallel-arranged confor-
mations and these chains seemed to thicken causedby the blendof
WPI and gelatin.

Mechanical Properties. Figure 5 shows the puncture strength
and deformation versus WPI/gelatin mass ratio. The puncture
strengths of the single WPI and gelatin film were very close, i.e.
48.0 ( 1.0 and 45.4 ( 2.7 N/mm, respectively. However, a
minimum, i.e. 25.1 ( 1.5 N/mm, was found at 50W:50G. In
contrast, the puncture deformation monotonically increased

Figure 4. SEM micrographs of the surface morphology and cross sections of the films. (a) Surface morphology, 50W:50G. (b-d) Cross sections:
b, 100W:0G; c, 0W:100G; d, 50W:50G.

Figure 5. Mechanical properties (PS, puncture strength; PD, puncture deformation) of the films versus WPI/gelatin mass ratios.
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from5.8 to 12.5mmwhen themass ratio varied from100W:0G to
0W:100G.The twisted networkmicrostructure could improve the
coupling strength of theWPI film and thus the puncture strength,
but reduce the ductility (Figure 4b). If the integrity of such
microstructure was destroyed bymixingwith gelatin, the network
microstructure became discontinuous (Figure 4d), and the punc-
ture strength was thus reduced. The network microstructure with
parallel-arranged long chains (Figure 4c) ensured the gelatin film
having a certain mechanical strength (puncture strength and
deformation). After mixing with WPI, the parallel-arranged
characteristics were somewhat disordered and the deformation
thus declined. The composite system could be depicted by a three-
dimensional bondmatrix constituted with the protein chains. For
a given external strain, the bond sites were relaxed toward
mechanical equilibrium with their neighbors by a systematic
sequence of operations which steadily reduced the net residual
force acting on each site (31). The matrix bonds were broken
according to their local stress. Therefore, if the microstructure
was discontinuous, the distribution of the force on each matrix
bond became uneven, and led to a decline of the mechanical
strength of the system. Cao et al. (32) also noticed that the
mechanical properties of the gelatin alone were higher than those
of the composite (type-B-bovine-bone gelatin/soy protein isolate)
films. However, Denavi et al. (12) mentioned that the mix of the
fish skin gelatin and soy protein isolate favored the increase of the
puncture strength of the composite film (50S:50G and 25S:75G).
The inconsistency was probably caused by the nature of the raw

materials, but the mechanism was not clear yet. Moreover, the
reviewer pointed out that the application of the different ASTM
measurement methods could also cause different results as indi-
cated in the work of Radebaugh et al. (33), where the puncture
and tensile tests are compared.

Moisture Contents, Solubility Properties and Water Vapor

Permeability. Table 1 shows the thickness, moisture content
(MC), solubility (S) and water vapor permeability (WVP). The
thickness of the films remained at about 95 μm in all cases
(P>0.05). MC of the single gelatin film was lower than that of
the single WPI, but WVP and solubility were higher (P<0.05).
MC is a parameter related to the total void volume occupied by
water molecules in the network microstructure of the film, the
solubility related to the hydrophilicity of the materials and WVP
related to the micropaths in the network microstructure. Among
the composite films (75W:25G, 50W:50G and 25W:75G), MC
had no significant variation (P>0.05), which indicated that there
was no significant variation of the total void volume during the
mixing process. The structural characteristics of parallel-ar-
ranged and larger intervals (Figure 4c) made gelatin have con-
tinuous and run-through micropaths. These properties and high
hydrophilicity enabled gelatin to increase WVP and solubility of
the composite films.

Light Barrier Properties. Figure 6 showed the light transmit-
tance of the films with the differentWPI/gelatin mass ratio versus
the wavelength, and the insert showed the enlarged UV region
(200-300 nm). Within the UV region, the light transmittance of
the single WPI film was lower than 0.1% caused primarily by the
UV absorption of the tryptophan and tyrosine. With increasing
the quantity of the gelatin, a protein lack of tryptophan (34), in the
composite film, UV light transmittance increased progressively.
Within the range of 400-800 nm, the visible light transmittances
of the films were close or higher than 80%. The photos of the real
films were exhibited in Figure 7.

Differential Scanning Calorimeter (DSC). Figure 8a shows the
thermograms of the films with different WPI/gelatin mass ratios.
The melting temperature (Tm) and enthalpy (ΔH) of each
endothermic peak versus WPI/gelatin mass ratios are shown in
Figure 8b. Tm of the single WPI film (100W:0G) was at 170.5 �C,
which was in accordance with the data in the literature (12, 35).

Table 1. Thickness, Moisture Content (MC), Solubility (S), and WVP of Films
Obtained with Different Proportions of WPI (W) and Gelatin (G)a

film

thickness

(μm) MC (%) S (%)

WVP

(kg 3 s
-1

3m
-1

3Pa
-1)

100W:0G 96( 12 a 28.2( 1.0 a 19.5( 0.7 a 4.3( 0.1 a

75W:25G 95( 10 a 26.2( 1.2 b 22.5( 1.0 b 4.6( 0.1 b

50W:50G 93( 12 a 25.7( 1.1 b 25.1( 1.3 b 4.8( 0.2 bc

25W:75G 96( 8 a 25.6( 0.4 b 27.6 ( 0.9 c 4.9( 0.2 c

0W:100G 94( 12 a 23.7( 0.8 c 34.1( 2.4 d 5.3( 0.2 d

aMeans in a column followed by different letters (a, b, or c) are significantly
different among samples (P < 0.05).

Figure 6. Light transmission of the films with different WPI/gelatin mass ratios versus the wavelength. The insert showed the enlarged UV region
(200-300 nm).
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In the literature,Tmof gelatins varied greatly with the nature of the
investigated material (26). In the present case, the single gelatin
film (0W:100G) showed one broad melting peak at 169.1 �C and
twoweak peaks at about 20 and 70 �C.With increasing the gelatin

content in the composite film, Tm of WPI film slightly increased
and reached 179.1 �C at 50W:50G. Then, Tm decreased to the
level of gelatin. In addition, the enthalpy increased also by 5%
from 100W:0G to 50W:50G (Figure 8b). It was known that Tm

Figure 7. Photos of three film samples: single WPI film (100W:0G); composite film (50W:50G); single gelatin film (0W:100G).

Figure 8. DSC thermograms of the films with different WPI/gelatin mass ratios versus the temperatures (a) and the variations of the melting temperature (Tm)
and enthalpy (ΔH) of the WPI endothermic peaks versus WPI/gelatin mass ratios (b).
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was related to the heat-stability of the protein network structure,
and proportional to the number and the strength of the cross-
linkage of the network microstructure. Increasing of the melting
temperature and enthalpy suggested that the composite film was
reinforced by increasing the number and strength of the cross-
linkage; indeed,we observed the thickening of the protein chains in
Figure 4d. Meanwhile, we also observed a weak peak assigned to
the gelatin occurring at 70 �C for the 50W:50G film. This
peak indicated a discontinuous state, i.e. coexistence of WPI and
gelatin phases, of the system mentioned in SEM measurements.

Fourier Transform Infrared Spectroscopy (FT-IR). Figure 9

compared the deconvoluted FT-IR spectra of the protein films
with different WPI/gelatin mass ratios, and showed two spectral
regions of interest: 3600-3000 and 1700-1600 (amide I). For the
spectral region 3600-3000 cm-1, strong bands were observed at
3282 (WPI) or 3298 cm-1 (gelatin) essentially due to-OHandNH
stretching mode (Figure 9). At 50W:50G, the strong band shift to
3281 cm-1, whichwas almost the same asWPI, but 17 cm-1 in the
right of the gelatin. The displacement of the band suggested that
cross-linking caused by hydrogen bonding occurred between
amino or -OH group of the protein molecules (36). The shift
of the strong band indicated that the hydrophilicity of gelatin was
reduced, because the free -OH group of gelatin was involved
more in hydrogen bonding association and was thus less suscep-
tible to hydration (36).

Amide I absorption (1700-1600 cm-1) is sensitive to the
secondary structure of the protein and primarily represents the
CdO stretching vibration of the amide group (37). In this region,
several bands (1691, 1682, 1676, 1668, 1661, 1652, 1646, 1635,
1627 and 1616 cm-1) were observed. A curve-fitting of the
spectrum has been carried out using Lorentzian functions
(Figure 10). The bands at 1661, 1652, and 1646 cm-1 could be attri-
buted to R-helix/unordered segments, and the band at 1635 cm-1

was highly characteristic of amide groups involved in the extended
β-sheet structure(38). The band at 1668 and 1676 cm-1 could be
assigned to the turns. These six bands were rarely affected by the
aggregation process (39, 40). The bands at 1682 and 1622 cm-1

were due to the formation of intermolecular antiparallel β-sheets,
and the position of the latter one could provide insights into the
molecular structure of the aggregates (40). In the films,weobserved
that the band at 1622 cm-1 shifted to 1616 cm-1 at 50W:50G
(Figure 9). A shift to a low wavenumber suggested the formation

of fine-stranded aggregates caused by hydrogen bonds (37, 39).
The area of the aggregation bands at 1691, 1682, 1627, 1622, or
1616 cm-1 indicated that 35 ( 4% of the amide I was due to
intermolecular β-sheet; therefore, it could be assessed that about
35% of the amino acids are engaged in β-sheet aggregation,
whereas about 65% formed other structures such as R-helix,
random coil segments and turns. The formation of intermolecular
β-sheet is not unique to the present composite system and has been
already observed in gels of some proteins like bovine serum
albumin, glycinin, the major protein from soybeans or legumin,
a globular protein from pea (29, 41-43).

In conclusion, Figure 11 schematically showed the network
microstructure of themost typical protein systems based upon the
results of the combination of the size, potential, IR, DSC and
mechanical measurements etc. The size of the particles made by
mixing the WPI and gelatin (particular 50W:50G) could be
reduced by the electrostatic attraction and hydrogen bonding in
water. After the treatment of the film-forming process, the single
WPI chains were more twisted than gelatin. Through the electro-
static effects and hydrogen bonding, the chains formed in the
mixing system could be thickened, and the discontinuous proper-
ties of the system became outstanding when WPI/gelatin mass

Figure 9. Deconvolution FT-IR spectra of the films.

Figure 10. Curve-fitting of the spectrum for the 50W:50G composite film.
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ratio was close to 50W:50G. This discontinuity could lead to a
decline of the puncture strength of the film.
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