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Influence of Epichlorohydrin Modification on
Structure and Properties of Wheat Gliadin Films
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The present study was to examine influence of epichlorohydrin (ECH) modification on structure and
properties of glycerol-plasticized wheat gliadin films casting from ethanol/water (70/30 v/v) solution.
The modified films were characterized using proton nuclear magnetic resonance (*H NMR), Fourier
transformation infrared (FTIR) spectra, dynamic mechanical analysis (DMA), and scanning electron
microscopy (SEM). Water resistance (moisture absorption MA, water vapor permeability WVP, and
weight loss in water WLW), tensile mechanical properties (Young’s modulus E, tensile strength oy,
and elongation at break ¢p), and thermal decomposition behavior were evaluated in relation to ECH
content. Experimental results revealed that ECH modification gave rise to marked reduction in WLW
and significant improvements in E and oy, which were accompanied by slight variations in MA, WVP,
and thermal decomposition temperature. The improvements of E and o, were related to the formation
of a partially cross-linked protein network even though the modification led to reductions in percentages
of the hydrogen bonded NH groups and the j-sheet structure.
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INTRODUCTION

Agricultural biofilms provide an opportunity to strengthen
the agricultural economy and reduce consumption of petroleum
and petroleum-based plastic package films. Wheat gluten has
been considered as a class of renewable materials due to its
abundant resource, low cost, unique viscoelastic properties, and
good biodegradability (1). The gluten films are usually prepared
via solution casting using water and/or ethanol as cosolvent (2).
The films without plasticizer are brittle and are difficult to
handle; thus a plasticizer such as glycerol is commonly used to
lower the glass transition temperature and to increase chain
mobility of proteins (1). Glycerol plasticization results in marked
reduction in stiffness and strength performances, while it limits
the application of protein-based biofilms (3).

Chemical or enzymic treatments have also been applied to
modify wheat proteins as film forming materials (4—6). Reactive
side groups of wheat proteins susceptible to various modifica-
tions make it possible to obtain three-dimensional protein
networks with appropriate strength and functional properties (7).
Dialdehydes and cysteine have been used to mediate the cross-
linking of wheat proteins so as to improve water resistance and
tensile strength and to lower water vapor permeability (WVP)
of the casting films (5, 7—9). Thermal treatment of the film
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forming solution or the resultant film significantly affects
structure and properties of the final products (10).

Gliadins are important storage proteins that provide viscous
character to wheat gluten (11). Gliadins are characterized by
high contents of GIn, Pro, and Phe residues and are usually
classified into four groups (a-, 8-, y-, and w-gliadins). a-, 8-,
and vy-gliadins are major components containing intrachain
disulfide bonds, whereas the w-gliadins occur in much lower
proportions lacking cysteine residue. Wheat gliadins have perfect
film forming character (8). The cross-linking of proteins depends
on the type of gliadins that ultimately affects the properties of
films. We in this article modify wheat gliadins using epichlo-
rohydrin (ECH) and prepare glycerol-plasticized gliadin films.
The effects of ECH content on morphology, glass transition,
mechanical properties, moisture absorption (MA), weight loss
in water (WLW), and WVP of the modified gliadin films are
investigated.

MATERIALS AND METHODS

Materials. Wheat gluten with protein content =75 wt %, ash content
=0.95 wt %, and moisture content =9 wt % was supplied by Shanghai
Wangwei Food Co. Ltd., China. Glycerol, ECH, and other chemicals
were analytical grade reagents.

A total of 100 g of crude wheat gluten was dispersed in 500 mL of
70/30 (v/v) ethanol/water mixture, stirred at 25 °C for 12 h, and
centrifuged at 4000 rpm for 15 min at room temperature. The resulting
supernatant containing the gliadin-rich fraction was dried at room
temperature and was further freeze-dried using a freeze-dryer (FD-1,
Beijing Youde Techn. Develop. Co. Ltd., China). The dried gliadin-
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Figure 1. SEM micrograph of the films with different wecy as indicated.

rich fraction was ground to pass through 100 mesh sieve. The molecule
weights of gliadins were ranged in 30—100 kDa as determined from
sodium dodecyl sulfate—polyacrylamide gel electrophoresis analysis
(12).

Film Formation. Freeze-dried gliadin powders were dissolved in
70/30 (v/v) ethanol/water mixture to yield a 10 wt % solution. Glycerol
of 0.2 g/g dry protein was added into the solution, and the solution
was heated with stirring at 50 °C for 30 min. ECH of 0—1.2 g/g dry
protein was then added under gentle stirring until a transparent solution
was formed. The mixture was reacted for another 30 min and was then
cooled down to room temperature. The solution was poured onto plastic
Petri dishes with an inner diameter of 90 mm and was dried at 50 °C
for 72 h. The films were carefully detached and were stored in
desiccators at 50% and 75% relative humidities (RH) until testing.

Film Thickness. Film thickness (H) was measured using a hand-
held micrometer (Shanghai Measuring & Cutting Tool Works, China).
The H values were reported as means of nine measurements from
different locations of each product.

Morphology Observation. The samples were stretched to break at
room temperature. Morphology of the fracture surface was observed
after coating with gold using a scanning electron microscope (SEM)
(SLR1ON, FEI, The Netherlands) at 25 kV.

Proton Nuclear Magnetic Resonance (*H NMR) Measur ement.
Soluble *H NMR spectra were measured on a Bruker ARX 500
spectrometer using dimethylsulfoxide-ds as solvent and tetramethylsi-
lane (TMS) as internal standard.

Fourier Transformation Infrared (FTIR) Spectra Measurement.
The gliadin solution was coated on potassium bromide plate and was
dried under ultraviolet lamp radiation. FTIR spectra were measured
using VECTOR 22 FI-IR spectrometer with a resolution of 4 cm™.

Dynamic Mechanical Analysis (DMA). DMA was performed at 1
Hz with a dynamic mechanical thermal analyzer (DMA 242, NETZSCH,
Germany) using tensile mode at a heating rate of 3 °C min™. Paraffine
oil was coated on the sample surface in order to eliminate moisture
interchange between the sample and the surroundings.

Moisture Absorption (MA) Test. Triplicate specimens of 0.5 g were
stored for 1 week until constant weight in an airtight desiccator at 23
°C over anhydrous phosphorus pentoxide (P,Os). The predried samples
were transferred into desiccators at 70% RH and were stored for 72 h
at room temperature to constant weight. MA was evaluated on a dry
basis and was reported as the average of three replicates.

Water Vapor Permeability (WVP) Test. WVP of films was
determined gravimetrically at 20 °C according to ASTM E96-80 (1983)
with a slight modification. The predied films were mechanically sealed
to glass test cups containing P,Os (0% RH). The exposed area of the
test cup was 0.0243 m?. The cups were placed in airtight desiccators
maintained at 70% RH. WVP was determined after steady-state
condition was reached where the weight gain became constant over

the prescribed time interval. WVP was calculated according to WVP
= wH/AAp (13). Here, A. is the area of exposed film, Ap is the vapor
pressure across the film, and w is the weight gain of the cup over the
prescribed time interval t.

Weight Loss in Water (WLW). Triplicate predried films of 10 x
50 mm were immersed in 300 mL of deionized water at 25 °C for
48 h with occasional gentle manual agitation. Deionized water was
changed twice everyday to avoid microbial growth. The undissolved
matter was dried over P,Os at 25 °C in the desiccator until constant
mass. WLW was calculated according to dry mass before and after
immersing (8).

Tensile Test. Tensile testing was performed on a universal testing
machine (CMT-4204, Shenzhen SANS Test Machine Co. Ltd., China)
with an extension rate of 20 mm min~? at 25 °C. Young’s modulus
(E), tensile strength (oy,), and elongation at break (e,) were evaluated
from five duplicates for each product.

Thermogravimetric Analysis (TGA) Test. TGA was carried out
under an air atmosphere in a Pyris 6 thermogravimetric analyzer
(Perkin-Elmer) with a heating rate of 10 °C min~%. The samples were
predried over P,Os in the desiccators for 1 week before test.

Statistical Analyses. Statistical analyses were performed using
OriginPro 7.50 software (OriginLab Co., Northampton, USA). A one-
way analysis of variance (ANOVA) followed by a Tukey test (P <
0.05) was used to identify whether the differences between the
treatments were significant.

RESULTS AND DISCUSSION

Morphology. Figure 1 shows SEM micrographs taken at the
tensile break surface of the films modified with different ECH.
The unmodified gliadin film and the film modified with weight
content of ECH (wecy) of 10 wt % exhibit characteristics of
tough fracture with delamination and corrugation. The delami-
nation becomes less significant in the films with higher ECH
contents. Spherulite-like domains with a size less than 2 um
appear as the main character in the fracture surface of the films
With Weey = 20 wt % and weey = 30 wt %. At large quantities
of ECH used, the modification introduces additional chemical
cross-linking bonds among gliadin chains, which alters the
miscibility between glycerol and gliadins and causes gliadins
to aggregate into the spherulite-like domains.

IH NMR and FTIR Spectra. Figure 2 shows *H NMR
spectra of the pristine and the modified gliadins. The peak at a
chemical shift of 2.5 ppm is due to resonance of residual protons
in DMSO-ds. The peak at 7.9 ppm can be assigned to backbone
NH protons arising from GIn and Phe residues, while the
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Figure 3. FTIR spectra of the films with different wecn. The dashed curve
shows the absorbance profile in the NH stretching vibration region
calculated according to Lorentzian line-shape fitting and the dotted curves
show the calculated single components peaked at 3300 and 3450 cm™",
respectively.
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features at 6.5 and 7.2 ppm correspond to protons of Gln side-
chain amine groups as well as aromatic Tyr protons (14). The
peak at 4.2 ppm is due to the major contribution from the o
protons of the main amino acid Gln together with minor
contributions from the a protons of Arg and Glu. The strong
peak at 3.2 ppm can be assigned to the Phe 3 resonance and
the weak shoulder peak at 3.6 ppm arises mainly from the Gly
o protons coupled with the Pro ¢ site resonance. The doublet
situated in the 1.5—2.4 ppm region arises from overlapped
and y resonances from aliphatic side-chains of the main amino
acids of Pro and GIn. The two isolated singlets at 1.2 ppm and
0.8 ppm are due to -CH,- and -CHs protons from side chains
of mobile minor amino acids (Leu, Thr, Ala, and Arg). As
shown in Figure 2, the chemical modification does not influence
the peak positions in the *H NMR spectra. However, it causes
a significant increase in intensity of the -CH,- peak (1.2 ppm)
and a reduction in intensity of the GIn side chain amine proton
peaks (6.5 and 7.2 ppm) with respect to the -CH; peak (0.8
ppm), revealing the occurrence of chemical reaction between
ECH and gliadins. ECH reaction with proteins has been revealed
in extruded corn meal (15).

Figure 3 shows FTIR spectra. The broadband in the
3600—3000 cm™! range can be assigned to N—H stretching
vibration and the bands at 2980—2850 cm™! correspond to the
characteristic C—H stretching of the -CH,- and -CHj; groups of
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Figure 4. Peak position of the N—H stretching vibration and the content
of hydrogen bonded NH group in the films with different wec.

saturated structures (16). The absorption bands at 1750—1580
cm™?, 1580—1480 cm™, and 1370—1150 cm™* are related to
amide | (80% C=0 stretch, 10% C—N stretch, and 10% N—H
bend), amide Il (60% N—H bend and 40% C—N stretch), and
amide Il (40—60% N—H in-plane bend and 18—40% C—N
stretch coupled with C—H and N—H deformation), respectively
(17). The ECH modification does not introduce new absorbance
bands. In particular, the characteristic peaks of epoxy group
(915 cm™?%) and C—CI bond (723—747 cm™) are absent in the
modified gliadins. ECH can react with hydroxyl, amino, and
carboxyl groups of amino acid residues so as to cross-link
gliadins with the formation of -CH,-CH(OH)-CH,- linkage. At
high ECH contents, side reactions such as ECH homopolym-
erization may also take place, which, however, could not be
distinguished from *H NMR and FTIR spectra.

The peak position of the N—H stretching vibration is shifted
toward high wavenumbers with increasing Wecy, as shown in
Figure 4. The N—H stretching absorbance bands were decom-
posed into two single peaks centered at 3300 and 3450 cm™!
assigned to the hydrogen bonded and the free NH groups,
respectively. The dotted curves in Figure 3 show the calculated
single components in the N—H stretching region to the film of
Ween = 40 wt %. The area absorbances of the single components
at 3300 and 3450 cm ™, Agsgo and Agsso, Were used to estimate
the percentage of the hydrogen bonded NH groups according
10 Aszoo/(Assoo + Assso) and the result is shown in Figure 4.
The chemical modification causes a reduction in percentage of
the hydrogen bonded NH groups, from 61% to 44% as
increasing Wecy from 0 wt % to 40 wt %.

ECH modification hardly influences the peak position of the
amide | and amide Il absorption, while it causes several
variations in the spectra of the amide 1l region. The better
defined amide 111 bands are quite suitable for determination of
a-helix (1330—1295 cm™Y), B-turn (1295—1270 cm™), random
coil (1270—1255 cm™), and B-sheets (1245—1220 cm™)
structures (18). Figure 5 shows the FTIR spectra and the
inverted second derivative spectra in the amide 111 region. The
unmodified film exhibits four absorption peaks at 1340, 1314,
1285, and 1240 cm™*, respectively. In the chemically modified
films, the 1340 cm™ peak disappears, while three peaks at 1355,
1345, and 1333 cm™* appear in the a-helix region. The band at
1314 cm™1 is shifted to higher wavenumbers with increasing
Wecn. The inverted second derivative spectra disclose a peak at
1303 cm™%, whose intensity becomes strong in the modified
films. Therefore, the chemical modification causes marked
conformation change in the a-helix structure of gliadins.
Besides, the chemical modification causes the band at 1287 cm ™!
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the films in the amide Il region.

(B-turn) to shift toward lower wavenumbers and the intensity
of the band at 1264 cm™! (random coil) to increase markedly.
The chemical modification does not influence the position of
the 1240 cm™! (B-sheets) band. However, the absorbance ratio
As240/Asess 1S reduced from 0.055 of the unmodified film to 0.042,
0.038, 0.041, and 0.038 for the films with wecy of 10, 20, 30,
and 40 wt %, respectively. The spectra in the amide Il region
reveal that the percentage of the $-sheet structure decreases
considerably after chemical modification, which is accompanied
by an increment in the percentage of random coiled
structure.

DMA. Figure 6 shows storage modulus (E") and loss factor
(tan o) as a function of temperature (T) for the films. With
increasing T, the samples traverse the glassy region, the
transition region (tan ¢ peak and E’ drop), and the rubbery
plateau in sequence. A characteristic decrease of 3 orders of
magnitude in E’ is observed at the broad glass-to-rubber
transition. Drying at 50 °C for 3 days leads to modification of
the gliadin structure in the absence of ECH, which is due to
the formation of disulfide intermolecular cross-links (19). The
unmodified gliadin film exhibits an obvious increase in E” with
increasing T from 50 to 64 °C, revealing that the cross-linking
reaction between gliadin molecules is not complete in the
condition investigated. The denaturation temperature of gliadins
at 58 °C (19) could well account for the E” increment in Figure
6a. The cross-linking reaction causes the gluten viscosity to
increase upon heating above 55 °C (20), which is accompanied
by significant drops in the amount of free sulfhydryl groups
and sodium dodecyl sulfate extractability (21). With the increase
in T from 64 to 109 °C, E" decreases very slightly due to
canceling of thermally agitated softening and the cross-linking
reaction. The E” increment in the film with wgcy = 10 wt % is

Figure 6. Effect of wecy on storage modulus E” (a) and loss factor tan
0 (b) of the films.

less marked as that of the unmodified gliadin film. The E’
increment can still be observed from 43 to 54 °C, suggesting
that 10 wt % ECH maodification at 50 °C for 3 days does not
consume away all the active chemical groups of gliadins without
addition of a catalyst. The films with wgcy = 30 and 40 wt %
do not exhibit E” increment upon heating. The results suggest
that the modification at large ECH contents results in full
intermolecular cross-linking during the film formation at 50 °C
and heating the films of wgcy = 30 and 40 wt % during the
DMA tests does not lead to further cross-linking reaction.

As observed in Figure 6b, the tan ¢ curve of the unmodified
gliadin film shows a very weak transition peak at —67.3 °C
and two strong transitions peaked at 22.0 and 101.9 °C,
respectively. The E” increment corresponds to a shoulder peak
at 54.0 °C. The low temperature transition at —67.3 °C is likely
associated with a glass transition temperature (Ty) of the
glycerol-rich phase (22). The two high temperature peaks reflect
the a-transition or glass transition of the gliadin-rich phase,
which is broken down by the cross-linking reaction occurred
during DMA test. The two glass transition temperatures of the
gliadin-rich phase are lower than those of unplasticized gliadins
at 124—145 °C (23). In the film of wgcy = 10 wt %, these two
glass transition temperatures are shifted to higher temperatures
due to chemical cross-linking. In the films with wgcy = 30 and
40 wt %, the middle peak becomes inconspicuous, which is
consistent with the continuous decrease in E’ in the same
temperature region. Our previous study revealed that wheat
gluten bioplastic compression molded at temperatures below
105 °C show two subglass transitions assigned to the gluten-
rich phase while the low temperature transition at about 20~35
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Table 2. Influence of wecy on Mechanical Properties of the Films?

Weew/Wt % Hjum MAMWt %  WVP/10™"" gm™' s™"Pa WLW/wt %

0 200 £20* 158+0.1° 67.4 £2.4° 341+£3.7°
10 160 £ 15> 158 +£0.2° 66.4 £+ 2.7° 27.6 +3.8°
20 1564 +22° 158 +0.2° 66.6 & 3.4° 23.5+3.6°
30 148 + 11% 161 £0.1° 65.6 +3.5° 22.4 + 3.6°¢
40 138 £ 118f 162 +£0.1° 65.3 £2.8° 22.0 + 3.8
50 144 +£17°¢  16.5+0.1° 65.5 +3.1°

@Means followed by different letters in the same column are significantly different
(P < 0.05).
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Figure 7. Effect of ween on stress—strain (o0—e) behavior of the films.

°C becoming inconspicuous in the sample molded at 125 °C
(24). The DMA curves in Figure 6 prove the occurrence of
cross-linking reaction between ECH and gliadins during film
formation.

Water Resistance. Table 1 shows influence of wgcy on H,
MA, WVP and WLW of the films. H decreases markedly with
increasing Wecy (P < 0.05), which could be ascribed to the
diluting effect of ECH to gliadins in the casting solution. MA
increases while WVP decreases very slightly with increasing
Ween (P < 0.05). The reduction of WVP with respect to Wech
might be due to the thickness effect (25). All the films maintain
their integrity in water, while the ECH modification causes a
significant reduction in WLW (P < 0.05), from WLW = 34.1
wt % to WLW = 22.0 wt % with increasing wecy from 0 to 40
wt %. The WLW value of the film at wecy = 0 wt %
corresponds to protein solubility (soluble gliadin fraction by the
gliadin fraction in the film) of 20.9 wt %, revealing a partially
cross-linked network in the film formed at 50 °C. The solid
solubility (fraction of soluble mater except for glycerol by the
total fraction of gliadins and ECH in the film) is estimated as
14.8,11.7,12.2, and 13.3 wt %, respectively, for the films with
Ween Of 10, 20, 30, and 40 wt %. The slight increase in solid
solubility at wecy = 30 wt % might indicate the formation of
ECH homopolymers during the film preparation. In contrary to
aldehyde cross-linking of gliadin that results in marked reduction
in WVP (7), the variation of WVP with respect to ECH content
is considerably small. The results in Table 1 reveal that the
ECH modification introduces additional cross-linking sites
among gliadin macromolecules while it hardly influences the
hydrophilicity of the resultant films.

Tensile Mechanical Properties. Figure 7 shows the influ-
ence of wecy on stress—strain (o—e) relationship of the gliadin
films after equilibrating at 75% RH. The films show yielding-
like deformation where o increases rapidly at small strains but
very slowly after yielding. At the same ¢ level, o increases
markedly with wecy. The deformation after yielding exhibits

Figure 8. TGA traces of the films with different wecy. The inlet shows
DTA curves of the films.

strain hardening as observed as an increase in the slope of the
postyield region of the o—e curve. The strain hardening becomes
significant with increasing wecn, appearing as a characteristic
of cross-linked gliadin network (7).

A small fraction of ECH (below 0.4 parts) has been used
to cross-link extruded soy protein sheets to improve the
strength and modulus performance (26). Aldehyde modifica-
tion gives rise to stiffer gliadin films with improved fracture
stress and reduced extensibility, while aldehyde concentra-
tions above 1 wt % do not have any additional effect on
mechanical properties (7). Table 2 shows influence of wWecy
on E, o, and g, of the films at 75% and 50% RH,
respectively. It is found the mechanical properties are highly
dependent on RH. The E and oy, values at 50% RH are much
higher than the respective values at 75% RH (P < 0.05).
The &, value at 75% RH is higher than that at 50% RH at
Ween < 20 wt % (P < 0.05). On the other hand, RH does
not influence e, at wegcy > 30 wt % (P > 0.05). At two
humidities, E and oy, increase significantly with increasing
Wech UP t0 Weey = 40 wt % (P < 0.05). The variation of g
with respect to wWecy is highly dependent on RH. At 75%
RH, &, decreases significantly with increasing wecy up to 30
wt % (P < 0.05). Further increasing wecy does not influence
e, markedly (P > 0.05). At 50% RH, &, does not vary
significantly with respect to Wgcy (P > 0.05). Improvement
in oy of gliadin film formed under higher drying temperatures
has been assigned to increases in the amount of hydrogen
bonded f-sheets aggregates and in density of disulfide cross-
links (27). In the ECH modified films, on the other hand,
the mechanical properties are mainly related to increase in
cross-linking density rather than the amount of the S-sheet
structure.

TAG. Figure 8 shows TGA curve of the films in the T
range from 60 to 500 °C and the inlet shows derivative
thermogravimetric analysis (DTA) curves of the films with
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various Wecy. Increasing Wegcy from 10 wt % to 40 wt %
only causes slight changes in the TGA curves so that only
the TGA curves of the films modified with 10 wt % and 40
wt % ECH are shown. The unmodified gliadin film exhibits
a three-stage decomposition during thermal degradation in
oxidative atmosphere (28). The first stage at T < 170 °C
corresponds to the water loss and the second stage at 170
°C < T < 290 °C is assigned to glycerol evaporation and
WG degradation. The third stage starting from 290 °C is
involved in oxidation of the partially decomposed protein
residues. The modified gliadin films show a weight loss faster
than the unmodified gliadin film at T < 120 °C, which could
be related to the evaporation of water and residual ECH. The
ECH modification may not influence the weight loss in the
second stage, while it shifts the decomposition temperature
in the third stage to low temperatures. The protein decom-
position peak temperature is located at 330.6 °C for the
unmodified gliadin film, while it is shifted to 328.8, 325.6,
324.3, and 323.0 °C for the films with wgcy of 10 wt %, 20
wt %, 30 wt %, and 40 wt % ECH, respectively, as shown
in the DTA curves in the inlet. The chemical modification
therefore leads to a slight degeneration in thermal decom-
position of the film.

In summary, ECH modification causes marked reduction
in WLW and significant improvements of E and oy, of the
gliadin film, which are accompanied with slight variations
in MA, WVP and thermal decomposition temperature. FTIR
spectra reveal that the chemical modification leads to
reductions in percentages of the hydrogen bonded NH groups
and the f3-sheet structure. The improvement of E and o, with
respect to Wecn can be assigned to the formation of a partially
cross-linked protein network resulting from the chemical
reaction between ECH and gliadins as revealed from *H NMR
and DMA studies.

ABBREVIATIONS USED

o—e¢, stress—strain; e, elongation at break; oy, tensile
strength; Ap, vapor pressure across the film; *H NMR, proton
nuclear magnetic resonance; A, area of exposed film; DMA,
dynamic mechanical analysis; DMSO-ds, dimethylsulfoxide-ds;
DTA, derivative thermogravimetric analysis; E’, storage modu-
lus; E, Young’s modulus; ECH, epichlorohydrin; FTIR, Fourier
transformation infrared; H, film thickness; MA, moisture
absorption; P,Os, phosphorus pentoxide; RH, relative humidity;
T, temperature; t, time; tan o, loss factor; Tg, glass transition
temperature; TGA, thermogravimetric analysis; w, weight gain;
Wecn, Weight content of ECH; WLW, weight loss in water;
WVP, water vapor permeability.
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