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Chemical modification of wheat protein-based natural polymer materials was conducted using glyoxal
as cross-linker, and the cross-linking effect was studied on mechanical properties under different
humidity conditions, the molecular motions of each component, and the phase structures/components
of the whole materials. The cross-linking significantly enhanced the mechanical strength of wheat
gluten (WG) materials under RH = 50%. The elongation of materials was also increased, which was
in contrast to many cross-linked protein systems. The reaction mainly occurred in proteins and starch
components, resulting in the formation of a stable cross-linked network with restricted molecular
motions and modified motional dynamics. Although the plasticizer glycerol could also take part in the
reaction with glyoxal or other components in WG especially when the glyoxal content was higher,
the amount of glycerol involved in such reactions was very little. Glycerol was predominantly hydrogen-
bonded with the network. The lipid component did not seem to take part in the cross-linking reaction;
its mobility was promoted while its interaction with the protein—starch network was weakened after
cross-linking. The formation of the cross-linked network did not enhance the hydrophobicity of the
materials; the materials still adsorbed a high level of moisture under high humidity conditions (ca.
RH = 85%) with no improvement in mechanical strength. In addition, further increasing the amount
of glyoxal did not generate an additional strength improvement even at RH = 50%, possibly because
the enhanced mobility of lipid promoted the component to be phase-separated from the WG system.
To improve the water-resistant properties, the hydrophobicity of the protein macromolecules requires
enhancement by other chemical modifications.

KEYWORDS: Wheat proteins; cross-linking; mechanical performance; molecular motions; solid-state
NMR

INTRODUCTION cross-linked network formed with the protein aggregated
structures and to enhance the mechanical properties. Other cross-
linkers such as carbodiimides (239), epoxy compounds (30,

31) and genipin 81) have also been studied for protein systems.

Wheat gluten (WG) is a promising renewable and biodegrad-
able natural polymer with high potential for technical application

due to its unique intrinsic properties, low price, and large-scale i T i
availability with consistent quality. WG protein-based edible gg:iggge diai? gr;?s I':l:ﬁgsré?;{neﬂgﬁ?ygi’rg;ioﬁr?li’.:n:f?élét
films have been prepared via solution casting, and the film yde) hav W v -linking

formation performance has been studied comprehensively with " the strulcture and performance of proteins. .
regard to plasticizing effect, film formation solutions, thermal ~ Developing WG-based natural polymer materials for the
effect, pH effect, and conformation changes of WG during the Packaging industry is a great challenge for materials scientists
film formation processi—15). However, films prepared from  as sufficient mechanical strength and water-resistant properties
the proteins usually show low mechanical strength, weak water are usually required in the application. Thermal processing
resistance, and poor water vapor barrier properties. Aldehydetechnologies such as compression molding or extrusion would
cross-linkers have been widely used in many protein-based not only produce WG-based materials more efficiently and avoid
materials such as wheat gluten (16), soy proteins (18—20), the solvent usage as in solution casting, but also promote the
collagen (21), corn zein2Q), whey proteins43), cottonseed  thermal cross-linking of WG macromolecules and improve the
proteins (2425), and even wool fiber®26, 27) to promote the mechanical strength of the materials §, 32—36). Introduction

of chemical cross-linkers into the WG systems would further
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able for formation of chemical cross-linking; thus, mechanical rate of 2°C/min. The storage modulu€), the loss modulusK"),
strength and barrier properties of the WG materials would be and tard (E"/E) were recorded as a function of temperature throughout
further improved. Although many chemical processes that the experiment.

happen in the solution casting could be present in the thermal Broad line pulse solid-stattd NMR was carried out on a Bruker
processing, less research has been reported on the cross-linkinfinispec PC 120 spectrometer at 20 MHz. The §0lse was 4.5is
effect on structure and mechanical performance of thermally with repetition of'2 s. The frqe induction decay (FID) signal of each
processed WG materials. sample was obtained by a solid-echo pulse sequetyeafid a Carr

In thi icl | | K ical aldehvd Purcel—Meiboom—Gill (CPMG: 9%-(t;-180°y-t-echo)n) pulse se-
nthis article, glyoxal was taken as a typical aldehyde cross- quence (42), respectively, at 4Q. The 96-180°pulse spacingt{) in

linker and used in WG materials with water and glycerol as the cPMG sequence was 58, n was varied, and eight scans were
pIaStICIZers. Glyoxal has been used_ In the paper packagingused for each measurement. The whole FID of each sample was a
industry to replace formaldehyde as it is less volatile and the combination of the data observed from solid-echo (time range-6t 06
price is also low. High alkaline conditions have been reported ms) and from CPMG (time range of 6-8.0 ms) pulse sequences,
as being favorable for the formation of WG film and glyoxal and then the FID data were best-fitted by multidecay functions using
cross-linking, but such conditions are undesirable for edible the IGOR program from Wave Metrics, Inc.

packaging (37—39). Our recent study on thermally processed High-resolution solid-state NMR experiments were conducted at
WG materials 40, 41) indicated that alkaline conditions room temperature using a Varian Unity plus spectrometer at resonance
significantly impacted the strength of WG films with water only ~ freduencies of 75 MHz fot*C and 300 MHz forH. **C NMR spectra

as a plasticizer, while the effect was not significant when were observed using either cross-polarization, magic angle spinning,

" .., . and high power dipolar decoupling (CP/MAS/DD) technique, or a single
gAyceLollwasGused. A (I:rOdSS .“nkid net\Ivork Was' formedd Wlt.hr:n 90° pulse excitation (SPE) method with high power decoupling. The
the whole WG materials during thermal processing under either gge 1se was 4.5:s for H-1 and C-13 (if strength for spin-locking

acidic or alkaline conditionstQ). Therefore, an acidic condition  \ya5 56 kHz), while the spinning rate of MAS was set at a value in the
(PH = 4) was chosen to process the cross-linked materials. It range of 6 to 7 kHz. A contact time of 1.0 ms was used for measuring
is desirable that the cross-linked network formed under these CP/MAS spectra, while the repetition time was 2 s. The chemical shift
conditions should be stable under acidic hydrolysis. The cross- of *3C spectra was determined by taking the carbonyl carbon of solid
linking effect on the mechanical performance of WG materials glycine (176.03 ppm) as an external reference standertlAS NMR
under standard humidity (RRk 50%) and high humidity (RH spectra were obtaine_d with‘the same MAS rates, and TMS was used
~ 85%) was examined. Dynamic mechanical analysis (DMA) 2S an external_ chemical _shlft refe_r_enéid.spln—spm (B relaxatlon_
and solid-state NMR spectroscopy were conducted under thetimes under high-resolution conditions (MAS) were measured either

- . L through the decay offC magnetization prepared by CP with varied
standard humidity condition to study the cross-linking effect CP delay times as reported previousd,(40, 43), or through the decay

on phase compositions, molecular motions of each individual q¢ 4 jntensities in MAS spectra observed by the CPMGof 40 s)
component, and intermolecular interactions among different e sequence with a repetition time2os and a 99 pulse length of
components in the WG materials. The cross-linking chemistry 2.5 4s. Thel3C spin—lattice relaxation times in rotating frame; JT

of the system is also discussed. were measured from the decay of magnetization ddf@gpin-locking
pulse after preparation of the magnetization through £3).¢H and
MATERIALS AND METHODS 13C solution NMR spectra were measured using the same spectrometer

with a solution probe head.
Materials. WG vital, supplied by Manildra Group Australia,

contained about 80% proteins, 15% residual starch, 4% lipid, and around

1% fibers and other impurities on dry basis. The moisture content was RESULTS AND DISCUSSION
12%. Sheet samples of the WG system were prepared using glycerol . . . .
(15 wt %) and water (15 wt %) as plasticizers. The pH of the plasticizers Mechanical Pr0p_e_rt'es andTg Behavior of the Materials. .
was adjusted to 4.0 using acetic acid. A small amount eSKg(0.3% Due to the hydrophilic nature of WG_ components, the materl_als
to WG) was added into all systems to dissociate the disulfide bonding ¢ normally very sensitive to moisture and the mechanical
within the protein chains to achieve efficient mixing between proteins properties strongly depend on the moisture content in the
and plasticizers. Glyoxal (gx, 40% in water), obtained from Sigma- materials and the humidity condition in the storage environment.
Aldrich, was mixed into the plasticizers with varying amounts (0.7, Mechanical properties of WG-gx materials were measured under
1.4, and 2.1 wt %). Each WG-gx sample with a designed formulation two different humidity conditions, and the results are listed in
was mixed with a high-speed mixer operated at a speed of 3000 rpm Taple 1. Under standard humidity condition (RH50%), the
for 1 min, left (;Vlesrgg?t’ and then .Comprr]ess.'on'm"'de‘j.a; an optimum yapgjje strength of the materials increased significantly after
temperature o or 5 min using & heating press with a pressure reaction with gx. The maximum strength improvement was

of 12 ton. The sample size was 145 mm145 mm with a thickness o .
of 1.0 mm= 0.1 mm. DMA and solid-state NMR experiments were reached when 1.4% of gx was used, but a further increase of

conducted on samples after the conditioning atRE0%, while tensile e gx content to 2.1% resulted in a strength reduction. The
strength was tested after conditioning the samples for one week at roomMmodulus displayed a similar trend as the tensile strength. This
temperature under both humidity conditions (RHb0% or RH= 85%). strength performance is consistent with those obtained for
The loss of plasticizers after drying the sample at 405or 24 h was solution cast films; however, the strength improvement was not
9.2-9.5% or 20.3—20.7% for samples after conditioning under a accompanied by a decrease in elongation, as found in most
standard humidity (RH= 50%) or a high humidity (RH= 85%) cross-linked protein systems. In contrast, the elongation of the
condition at room temperature for a week, respectively. materials even increased to some extent at-RBB0% when
Instrumentation. Tensile strength of the sa_lmples was measured on gx was used, although the increase was not significant when
an INSTRON 5566P at room temperature with crosshead speed of 50,qi 1 404 of gx at which the maximum strength enhancement
mm/min. Dog-bond specimens with an effective length of 30 mm and L -
was reached. After the samples were conditioned under high

width of 6 mm were obtained by cutting the compression-molded sheet - . .
samples, and the mechanical strength data for each sample Weréwm'd'ty conditions (RH= 85%), the tensile strength decreased

obtained from an average of testing seven such specimens. remarkably due to a high moisture content20%) in the
DMA experiments were conducted on a Perkin-Elmer PYRIS Materials. The strength improvement was not significant, and

Diamond DMA in dual cantilevers bending mode at a frequency of 1 the cross-linking effect was observed in the increase of modulus
Hz. The temperature range was set-dt00 to 150°C with a heating and decrease of elongation for the materials. The results
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Table 1. Mechanical Properties of the WG-gx Materials

tensile strength elongation @ break Young's modulus
(Mpa) (%) (Mpa)
glyoxal
samples (%) RH = 52% RH = 85% RH = 52% RH = 85% RH = 52% RH = 85%
WG-gx0 0 5.8 3.0 106.4 238.9 65.4 434
WG-gx1 0.7 105 3.2 149.6 2154 98.2 455
WG-gx2 1.4 14.0 3.2 112.1 1755 121.3 50.2
WG-gx3 2.0 115 2.9 143.1 168.6 92.2 65.1

1.0E+10 [ 12 in WG-gx2, while those of the other three samples were similar,
E indicating the highest motional restriction of the aggregated
structure formed in WG-gx2 corresponding to the cross-linking.
A tan 6—a shoulder was observed for WG-gx1 around°Ch
being consistent with thE' decrease onset occurring at a lower
temperature. The minor onset Bf decreases in conjunction
with a tand—p peak at around-60 °C obtained for all WG-gx
samples were due f-transitions of the plasticized systems as
described previously36, 36). These weak tad—j peaks
remained at the same temperature range, but the intensity
decreased from 0.11 (WG-gx0) to 0.09 (WG-gx3), indicating
{os that the motional dynamics of tifetransition was also restricted
by the cross-linking.

Although the cross-linking only modified thg, of the WG

1.0E+09

E' (pa)

1.0E+08 |

1.0E+07 |

%, materials slightly, it did cause a significant strength improvement

1.0E+06 ¢ g %1“.5- 04 under RH= 50%. The maximum strength improvement was
; s %3 I 140% achieved when 1.4% of gx was used. Such cross-linking

f “& 8 also generated an increase in elongation. However, the covalent
® . . . . -

1.0E+05 | 0y %% | 02 bonds for'med during C.ross-lmkmg were still hydrophlhc, anq

’ g : the materials could easily absorb additional moisture under high
humidity condition (ca. RH= 85%); such cross-linking did not
" result in strength improvement for the materials when the
1.0E+04 . ‘ ‘ . . 0 moisture content was high.
120 -80 -40 0 40 80 120 1860 200 Cross-Linking Effect on the Molecular Motions and Phase

Temperature (°C) Compositions.The molecular motions and phase compositions

of plasticized WG materials have been studied by solid-state
NMR and reported recently3p, 40). In a complex polymer
system such as plasticized multicomponent WG, various phases
with a wide distribution of molecular mobility coexisted even

indicated that cross-linking WG with gx during thermal process- at temperatures above tfig The molecular mobility and phase
ing under acidic conditions did result in a significant tensile COmMpositions of the plasticized WG materials had a direct
strength improvement under standard humidity conditions. As relationship with their mechanical performance. The same
the moisture content in all of these samples was quite similar, Méthodology was applied to study the cross-linking effect on
the strength improvement was not derived from the enhancementhe WG-gx materials in this article.
of hydrophobicity of the materials but from the additional cross-  'H spin—spin relaxation T2) was detected via measuring FID
linking effect in the aggregated network. These materials, signals for WG-gx materials as it is sensitive to the mobility of
however, still easily absorbed additional moisture under a high polymers at molecular leveld?). As reported previously0),
humidity condition, and the high moisture content was the main FID signals were obtained by a combination of the signals
factor for the tensile strength. The cross-linking effect played a detected via solid-echo (sensitive to rigid components) and
minor role then, but it could still be observed in the decrease in CPMG (sensitive to mobile components) and analyzed by best
elongation and increase of modulus for the WG-gx materials. fitting using a model function containing a Gaussian decay with
The DMA data of the WG-gx materials are showrFigure a shortT, (T2g) and two exponential decays with longervalues
1. In general, the behavior of these WG-gx materials was similar, (Tom and T21). The three components could be referred to as
but the cross-linking effect was indeed observed. The highestrigid, intermediate, and mobile phases. THeT, data (including
E' value at temperatures below tfig transition was detected  Tas Tam, andTz. values and the proportion of each component
for WG-gx2 (using 1.4% of gx). As the temperature increased, as phase composition) of WG-gx systems are shoviigare
all samples experienced a significait decrease due tdg 2A,B. As the amount of gx increased, tligvalues ofT,s and
transitions of the materials. Some key DMA data of the WG- Tap slightly decreased while those . increased. Meanwhile,
gx systems are listed imable 2. TheE' onset corresponding  as the gx content increased in the materials, the proportion of
to the Ty transition occurred at around 3@ for WG-gx0, WG- T,s (rigid phase) increased while that ©, phase decreased.
gx2, and WG-gx3, while that of WG-gx1 shifted to 18. A The proportion ofT;s increased from 42H % (WG-gx0) to 50
significant tand—a. peak was detected for each of the samples H % (WG-gx3), while theT,. proportion was reduced from
due to theTy transition. The ta®—a maximum was the lowest 23 H % (WG-gx0) to 15'H % (WG-gx3). Interestingly, the

Figure 1. Storage modulus (E') and tan o of the WG-gx materials obtained
from DMA. E' and tan & of WG-gx0 (O, @), WG-gx1 (a, A), WG-gx2%
(@, <), and WG-gx3 (O, W).
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Table 2. Key DMA Data of the WG-gx Materials

tan 0—f tan 0—f Ty from tan 0—a tan 0—o
samples (°C) maximum E onset (°C) (°C) maximum
WG-gx0 -57 0.11 34 115 0.522
WG-gx1 —60 0.11 13 114 0.536
WG-gx2 -60 0.10 33 108 0.454
WG-gx3 -60 0.09 32 112 0.543
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Figure 2. (A) H Tys, Tom, and T, values (us). (B) Proportion of each component (phase composition) (@) of WG-gx materials.
proportion of T,y remained at 33H %. The results indicate A B
that the cross-linking reactions caused a development of the A

these phases were restricted. Some parts of the molecules in
the mobile phase (possibly the plasticized proteins) also took
part in the cross-linking reactions. However, such cross-linking

nat nt ot \ 'L\VJ
rigidity of the T,s and Toym phases, and molecular motions in | M WG- 3J

/ \J 93 L
also weakened the interactions between mobile phase and other “j \\“WG'QXZ/JV }kk

components and caused the mobile components to become ~

further mobile. This could be one reason that the strength of /‘

the materials did not further improve with additional gx content

(ca. 2.1%) in the materials. WM’ /\
High-resolution solid-state NMR provides an advanced U k

technique to explore the behavior of each individual component } \\MWG-QXOJ L

in a complicated system with good resolution and selectivity. ! -

The CP/MAS method was sensitive to the rigid phase of polymer ™™ T

components as the transition of proton magnetizatioa®® 220 180 140 100 60 20 ppm 1210 8§ 6 4 2 0 ppm

resonances requires strong dipolar interactions in the systemgigure 3. **C CP/MAS (A) and 'H MAS (B) NMR spectra of the WG-gx

that normally have relatively static motions of polymer chains. materials.

On the other hand, only very mobile components can be

obtained intH MAS NMR spectra as the MAS condition (MAS 5.3 ppm) @0, 44). Examination of the relaxation behavior

speed of 6—8 kHz) is usually not sufficient to average out the through these individual resonances (components) via the high-

strong proton dipolar interactions in the rigid phase and these resolution NMR spectra can show the change of molecular

resonances would appear as a very broad peak contributing tonotions of these components after cross-linking.

the baselineFigure 3 shows thel3C CP/MAS and'H MAS TheH T, values of WG-gx materials measured W& CP/

spectra of WG-gx materials. Mainly proteins (173, 132, 54, and MAS NMR with varied CP delay times are shownTable 3.

30—25 ppm) and starch (103, 83, and 74 ppm) were observedAs found for plasticized WG material8§), the resonances of

in the 13C CP/MAS spectra, while glycerol signals, as sharp proteins and starch decayed very fast as the CP delay time

peaks, were also observed at 74 and 64 ppm. Mobile componentsncreased, following a single Gaussian decay model. However,

obtained in théH MAS spectra are due to water and glycerol the T, values observed at 174 and 54 ppm (proteins) and 103

(4.5—3.7 ppm) in conjunction with lipid (0.9, 1.3, 2.0, 2.7, and ppm (starch) decreased when gx was present, indicating the
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Table 3. 'H T, Values (us) of the WG-gx Samples Obtained via 13C
CPIMAS Spectra

C
samples 174 ppm 102 ppm 74 ppm 64 ppm 54 ppm  25-30 ppm
WG-gx0 137 16.3 15.2/52% 14.8/26%  13.0 13.2
114/48%  107/74%
WG-gx1 12.0 14.6 16.2/69% 15.1/44%  11.8 12.7 B
113/31%  97/56%
WG-gx2 11.3 10.2 15.5/71% 14.6/43% 119 12.3
109/29%  105/57%
WG-gx3 11.3 10.1 15.8/75% 15.2/58% 114 11.9
97/25% 107/42%
A
Table 4. H T, Values (ms) of the WG-gx Samples Obtained via H
MAS Spectra
| 220 180 140 100 60 20 ppm
45-3.7 2.1 13 0.9 . . L
samples ppm el il ppm Figure 4. 13C solution NMR spectra of the water phases after sonication
WG-gx0 0.69 2.1 18.9 4.65 ) .
WG-gxL 055 31 232 469 of (A) WG powders, (B) WG-gx0, and (C) WG-gx2.
WG-gx2 057 45 256 10.3 ) ) )
WG-gx3 0.53 41 23.1 8.55 many of these functional groups formed in the reactions could

still be sensitive to water and tend to adsorb moisture under
high humidity conditions.
cross-linking did enhance the aggregation structure of proteins It was suggested previously that glycerol could take part in
and starch in the rigid phase. The tWwgcomponents of glycerol  the thermal cross-linking reactions with wheat proteins under
at 74 and 64 ppm were also observed in WG-gx systems heating conditions that stabilized the systems and contributed
following a model function of one Gaussian and one exponential to the strength of the material82, 45). In plasticized WG-gx
decay (36). The shorter, values of the glycerol resonances systems, gx could also react with the hydroxyl groups of glycerol
did not change greatly but the proportion increased when the (functionality of 3) in conjunction with starch or proteins and
gx content increased, while the values of the longder generate a polymer network containing glycerol structures. To
components became shorter when gx was used. It seems thastudy whether such reactions occurred in the process, the
the motional state of glycerol was also restricted to some extentretention of glycerol was measured as described below.
in the rigid and intermediate phases, possibly due to the WG-gx samples were soaked in distilled water (5% solid)
development of rigidity of proteins and starch network in under sonication. The samples were then washed by distilled
conjunction with an enhancement of intermolecular interactions water and dried at room temperature to a constant moisture
between glycerol and WG macromolecules. content of 4 to 5%. We avoided further drying the samples
The cross-linking effect on the mobile phase lipid and water/ because it might have added another factor for change of the
glycerol could be examined by measuring theT, values via WG structures. The glycerol content in the water after the
IH MAS spectra with CPMG pulse sequence. The data are sonication was measured Byl solution NMR spectra using
summarized iriTable 4. In general, thd, of water or water/ TMS in a constant concentration as internal reference. In all
glycerol (at 4.5-3.7 ppm) decreased slightly with increasing WG-gx (WG-gx0 to -gx3) samples, the amount of glycerol in
gx content, and the values were still much lower than those of water after sonication for 1 h was quite close (within 1 to 2%)
lipid (at 2.1, 1.3, and 0.9 ppm) in all systems. The lipid displayed to the amount added to the systems during thermal processing.
different behavior for each resonance, butThealues observed  This indicated that, even if glycerol took part in the cross-linking
from most of the resonances/groups increased when gx wasreaction, the amount would be very small. Most of the glycerol
used. This indicated that the mobility of lipid was promoted molecules were still hydrogen-bonded to the WG without
after cross-linking proteins and starch with gx and contributed chemical bonding.
to the enhanced mobility oF, phases as shown rigure 2. Figure 4 shows thé*C solution NMR spectra of the water
The enhanced mobility of lipid also suggested that its weaker phases after sonication of WG powder, WG-gx0, and WG-gx2
interaction with other WG components and most likely the lipid samples for 5 h. Around 35% of WG was dissolved in water
did not take part in the cross-linking reactions. after such sonication, and the dissolved portion was mainly
Cross-Linking Reactions in the System.The reactions assigned to starch and soluble proteins. After thermal processing,
between gx and proteins in solution were studied in a series of whether with or without gx, mainly the signals of glycerol (74
reports (17.25). The aldehyde groups in gx would react with and 64 ppm) and acetic acid (183 and 27 ppm) were detected
the amine groups of lysine or the phenolic structures of tyrosine as extracted into the water phase. In WG-gx2 after cross-linking
to form acid hydrolysis-resistant covalent bonds for protein with gx, it was surprising to notice that the intensity of acetic
cross-linking. Reactions with arginine would produce reversible acid became lower or the line width became broad in the water
products under alkaline conditions. Other primary amines and phase.
thiol groups in the proteins could also react with gx to form Possible reactions between glycerol and gx in the systems
chemical linkages between different protein chains. In addition, were also studiedFigure 5A shows the!*C solution NMR
the hydroxyl groups of starch could also take part in the reactions spectrum of gx solution (40%), where gx remained in the
with gx to form acetal bonds. Under a thermal processing hydrated state and formed oligomers whitfs resonances located
condition used in this study (13C), these reactions and further in a range of 96-110 ppm. Glycerol and gx were mixed
thermal condensation of the products formed in these reactionsaccording to the ratio in WG-gx2, and the pH was also adjusted
would then form stable chemical bonds to build up a cross- to 4.0 by acetic acid. After the clear glycerol—gx solution was
linked network within the proteins and starch phase. However, heated to 130C for 10 min, the*C solution NMR spectrum
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component in the materials and approach a minimum corre-
sponding to thely transition.

As the water content was only 4 to 5% in all these samples,
C l J | # ' the Ty transition of these samples would occur at a temperature
much higher than room temperature. Thus, #@T;, values

of WG-gx samples should all be located at the left side of the
13C Ty, minimum, where the longer relaxation times indicate
the more restrictions present to the molecular motions. A single
13C T,, component was obtained as an average relaxation
process of many resonances overlapped at 174, 74, and 54 ppm
for proteins and starch, but the resonances at 30—25 ppm did

m appear as two components. No attempt was made to analyze
the relaxation dynamics in detail; only the data change after

— cross-linking was examined here. Note that the cross-linking

I L L L with gx did cause an increase iFC Ti, values for all

120 110 100 90 80 70 60  ppm resonances, and the longest values were observed for WG-gx2,
Figure 5. 13C solution NMR spectra of (A) glyoxal solution (40%), (B) which displayed the strongest strength improvement. Due to
products of the glycerol-glyoxal reaction, and (C) the water phase after the broad line width of each component and overlapping of

sonication of WG-gx3. resonances in the materials, it is difficult to specify which

resonance/group was directly involved in the reactions, but the
C=0 groups at 174 ppm should not have taken part in the
reactions. In fact, th€C Ty, value of the G=O groups inTable

5 also increased after the cross-linking, indicating that the
restriction of molecular motions occurred in the whole ag-
gregated network. The results were consistent with the decrease
of Tos and Tom data shown irFigure 2, but the!3C T, result
provided evidence that the increase of rigidity of materials
occurred in the proteins and starch component of the materials.

The cross-linking effect on the lipid component in WG was
further examined after removal of the plasticizelffsigure 7

was detected as shown kigure 5B. Various new resonances
were observed around 680 ppm and 96100 ppm, indicating
that gx could react with glycerol under the material processing
condition for WG-gx samples. THEC NMR spectrum of the
water phase after sonication of WG-gx3 (the gx content was
2.1%, Figure 5C) does show groups of similar resonances in
the same range, indicating such reactions did occur in the WG-
gx system especially when the gx content was higher. Although
some glycerol involved in the cross-reactions with gx and WG
might be retained in the WG cross-linked network, it did not

generate any positive impact on the mechanical performance f
of the materials as no additional strength improvement was shOV\_/s_ the'H MAS spectra of \/\_/(_3-g>_<0 and WG-gx2 \_Nhen
obtained in WG-gx3 sample. plasticizers were removed. Only lipid signadl] were obtained

The CP/MAS and SPE3C NMR spectra of WG-gx0 and in both cases, while the broad peak of other rigid components
WG-gx2 after removal of plasticizers are shownFiigure 6. appeared as baseline. Th¢ T, values of lipid in these samples

All glycerol signals disappeared in both spectra, and what Were obtained by CPMG pulse sequence ¥iaMAS spectra
remained in the CP/MAS spectra were proteins (174, 132, 54, @S listed inTable 6. As compared to the data shownTiable
and 30—25 ppm) and starch (103, 83, and 74 ppm). Mobile 4, theH T, values of all lipid resonances became I_onger. Th_e
lipid was the main component detected in the SPE spectrum methylene resonances (1.3 ppm) only increased slightly, while
(at 179, 130, 30—23, and 15 ppm) in conjunction with a minor the ~CHz—COO—(2.1 ppm), and-CH; (0.9 ppm) resonances
amount of mobile proteins (174, 60—45, and 30—15 ppm) and "0S€ S|gn|f!c_:antly as compared to t_he systems with plast|C|zer_s.
starch (74 ppm). The intensities at 61 and 52 ppm in the SPE S_uch mobility enhancement for lipid sgggested that th_e_plasn-
spectrum indicated the presence of proline and glutamine, CiZer played a key role as a compatibilizer between lipid and
respectively, being consistent with previous reports that proline Protein—starch in the materials and the lipid might interact with
and glutamine were the easiest segments in wheat proteins tProteéins and starch via the plasticizer. Note froable 6 that
be plasticized or hydratedl4, 32, 44). The removal of the T, values_ of_l|p|_d further mcreased_ When gx was used in
plasticizers made it possible to study the cross-linking effect the system, indicating that the cross-linking reactions further
on the WG components with no influence from plasticization. €nhanced the mobility of lipid, and this mainly contributed to
13C spin—lattice relaxation times in the rotating franiéQ the enhanced mobility oF, phases as shown Figure 2. Such
T.,) provide many advantages to study motions for glassy gmoblll_ty enhanceme.nt.ofllp|d would reduce the [ntermolecullar
polymers wheréH T, all appear around 10s (46—49). It is interactions between I|_p|q and other components in the materials
sensitive to the motions at a frequency range of 100 kHz, and thus promote the lipid molecqles to b.e phase-separated from
which are the characteristic frequencies of cooperative motionsthe system, which played a negative role in the materials strength
of polymer chains. The relaxation times would not be averaged @s seen by the mechanical performance of the WG-gx3 sample.
out by spin diffusion effect as happensld T, relaxations; Conclusions. The cross-linking reaction with glyoxal sig-
thus, the motional information of each specific site can be nificantly enhanced the mechanical strength of the WG materials
retained especially under MAS conditions. Two components under RH= 50% in conjunction with an increase in elongation.
(spin—lattice and spir-spin relaxations) are normally involved ~ Such reactions mainly occurred in proteins and starch compo-
in 13C Ty, relaxations, where the spirspin process is a function ~ nents, resulting in formation of a stable cross-linked network
of the dipolar field strength with no relation to molecular with more restricted molecular motions and modified motional
motions. It has been well-established that the spin—lattice dynamics. The plasticizer glycerol could also take part in the
relaxation is predominant in amorphous polymers while the reactions with glyoxal and other components in WG especially
spin—spin process is significant for crystalline polymers. For when the gx content was higher. However, the amount of
amorphous WG-gx materials, tHéC Ty, (listed in Table 5) glycerol involved in such reactions was very little, and the
should reflect the motional information of each group and molecules predominantly hydrogen-bonded with the network.
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Figure 6. 13C CP/MAS (A) and SPE (B) NMR spectra of the WG-gx materials after removing glycerol plasticizer. ssb = spinning sidebands, * =
background signals of the spinner.

Table 5. °C T;, Values (ms) of the WG-gx Samples after Removing improvement of mechanical strength was obtained. Additionally,
Glycerol Plasticizer further increasing the amount of glyoxal did not show an
additional strength improvement even at RH50%, possibly
samples 174 ppm 74 ppm 54 ppm 30 ppm because the mobility enhancement of lipid caused the lipid
WG-gx0 22.9 24 2.6 12%331801/% component to be phase-separated from the system, which had
WG-gxt 237 28 29 0:89/67‘;/0 a negative eff_ect on the str_ength of the ma_terlals. To improve
17.8/33% the water-resistant properties of the materials, other chemical
WG-gx2 26.8 34 35 2.0/69% modifications are required to enhance the hydrophobicity of
24.4131% wheat protein macromolecules.
WG-gx3 223 26 27 1.1/69%
18.1/31%
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