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The mechanical properties, phase composition, and molecular motions of thermally processed wheat gluten- (WG-)
based natural polymer materials were studied by mechanical testing, dynamic mechanical analysis (DMA), and
solid-state NMR spectroscopy. The performance of the materials was mainly determined by the denaturization
and cross-linking occurring in the thermal processing and the nature or amount of plasticizers used. The pH
effect also played an important role in the materials when water was used as the only plasticizer (WG-w). Alkaline
conditions modified the chemical structure of WG, possibly via deamidation; enhanced the thermal cross-linking
of WG macromolecules to form a more stable aggregation structure; and promoted intermolecular interactions
between water and all components in WG (proteins, starch, and lipid), resulting in a strong adhesion among
different components and phases. The saponification of lipid under alkaline conditions also enhanced the
hydrophilicity of lipid and the miscibility among lipid, water, and WG components. However, when glycerol was
used with water as a plasticizer (WG-wg), the phase mobility and composition of the materials mainly depended
on the content of glycerol when the water content was constant. During thermal processing under either acidic or
alkaline conditions, glycerol was unlikely to thermally cross-link with WG as suggested previously. The advanced
mechanical performance of the WG-wg materials was attributed to the nature of hydrogen-bonding interactions
between glycerol and WG components in the materials. This caused the whole material to behave like a strengthened
“cross-linked” structure at room temperature due to the low mobility of glycerol. The pH effect on phase mobility
and compositions of WG-wg systems was not as significant as that for WG-w materials.

Introduction efficiently and avoid the use of a large amount of solvents.
Although the methodologies have been used in food processing,
only a few studies have been reported using the method to

roduce WG-based films or sheétd®3+35 Less effort has been

aid to understanding the molecular motions, phase composi-
tions, and mechanical performance related to pH effect, heating
conditions, and shear forces used in processing. In this paper,
plasticized WG materials with either water or water/glycerol
as plasticizer were prepared by a compression molding method
"at pH= 4 or 11. The two pH conditions were selected because
they are far away from the isoelectric point. Solid-state NMR,
as a powerful technique for multicomponent/phase polymer
systems*42 was applied to explore the phase mobility and
composition of the materials, the behavior of plasticizers, and
the intermolecular interactions between plasticizers and WG
S " . components. The mechanical properties and the glass transition
significant impact on the performance of WG films. It was temperatureTg) of the plasticized WG were also measured and

mdf:pbq;[eg 't[hat th? f"r.?s tformtehdthun(:{[ﬁr all;allnedcor:jdltlon_sé. correlated to the information on molecular motions and phase
exnibite Szgg?ger. enstie strengtn than Mhose formed Under acidiCemposition obtained from the NMR study. The possible
conditions?®27” which was attributed to the protein solubility

and/or the dispersion capability being enhanced under alkalineChemicaI linkages formed between plasticizers and WG during
h | i iff H iti I
conditions?%282°The formation of dehydro- and cross-linked thermal processing under different pH conditions were also

. 'd h Ivsinoalanine th h d i fexamined. The pH effect on plasticization, phase mobility/
amino acios (SUC. as lysinogianine through condensation o composition, and mechanical performance of the materials was
lysine residues with dehydroalanine) could also happen during

thermal heating under alkaline conditions to form intra- rather discussed.
than intermolecular cross-linking in WG filn8.

Thermal processing technologies such as compression mold- Experimental Section
ing or extrusion would produce WG-based materials more

Because of good viscoelastic properties, strong tensile
strength, and excellent gas barrier properties, wheat gluten (WG)
has been used as an edible film and has great potential to b
applied as a renewable and biodegradable natural polymer
material in food packaging, coating, and binding applicatiof.
Plasticizers are always used in WG film casting to reduce the
strong intra/intermolecular interactions among wheat protein
molecules and to increase the mobility of the protein chains
thereby improving the flexibility and extensibility of the
material. A comprehensive investigation of the formation of
plasticized WG films has been reported regarding the use of
different plasticizers, film formation solutions, thermal effect,
pH effect, and conformation changes of WG during the film
formation proces$t™25> Among them, the pH displayed a

Materials. Wheat gluten vital (WG), supplied by Manildra Group
* Corresponding author: tet613 95452653; fax-613 95441128; e-mail Australia, contained about 80% proteins, 15% residual starch, 4% lipid,
Xiaoging.Zhang@csiro.au. and around 1% fibers and other impurities on a dry basis. The moisture
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content was 12%. Sheet samples of the WG system were prepared with A 20
either water (WG-w) or water/glycerol (WG-wg) as plasticizers. The
amount of water was varied in WG-w systems, while in WG-wg
systems the water amount was fixed while the glycerol amount was
varied. The pH of the plasticizers was adjusted to 4.0 with acetic acid
or to 11 with NaOH. A small amount of N&O; (0.3 wt % to WG)

was added into all systems in order to dissociate the disulfide bonding
within the protein chains to achieve efficient mixing between proteins
and plasticizer$34* Each sample with a designed formulation was
mixed with a high-speed mixer operated at a speed of 3000 rpm for 1
min, left overnight, and then compression-molded at an optimum
temperature of 130C for 5 min by use of a heating press with a
pressure of 12 tons. The sample size was 145 %5 mm with a
thickness of 1.0 mrt 0.1 mm. Moisture loss for WG-w systems could
occur during thermal compression and testing at room temperature with
RH of 50%; the water content for each sample was measured by drying
the sample at 108C for 24 h after preparation of the sample via Plasticizers (%)
compression molding, and then after completion of all tests {id 2

days, stored in sealed plastic bags) as a final moisture content reported B 280
in the text. For WG-w samples minor further moisture loss occurred

during testing, especially when water content was high, but the moisture 240 -
content in WG-wg systems was relatively stable {12%). The
plasticizer content for WG-wg systems was reported with the assump-
tion that no glycerol loss occurred during the process.

Instrumentation. Tensile strength of the sheet samples was mea-
sured on an Instron 5566P at room temperature 80% RH with a
cross-head speed of 50 mm/min. The data for each sample were
obtained from an average of testing seven dog-bone specimens with
an effective length of 30 mm and width of 6 mm.

DMA experiments were operated on a Perkin-Elmer Pyris Diamond 40 -
DMA in dual cantilever bending mode at a frequency of 1 Hz. The Q i
temperature range was set-at00 to 150°C with a heating rate of 2 0 ‘ ‘
°C/min. The storage modulu€'], the loss modulusE'), and tano 10 15 20 25 30 35 40
(E"/E") were recorded as a function of temperature throughout the Plasticizers (%)

experiment.
P . . . Figure 1. Tensile strength (A) and elongation at break (B) of the
Broad-line pulse solid-stattd NMR was carried out on a Bruker — |aqticized WG-w samples as a function of the plasticizer content at

Minispec PC 120 spectrometer at 20 MHz. The §0Ise was 4.%s pH = 4 (O) or pH = 11 (@) and those of the WG-wg samples at pH

with a repetition of 2 s. The FID (free induction decay) signal of each = 4 () or pH = 11 (a).

sample was obtained by a solid-echo pulse seqdereel a Carr

Purcel-Meiboom-Gill [CPMG: 90°x-(t;-180°y-t;-echo)] pulse se-

quence’s respectively, at 40C. The 90—90° pulse spacing in the time of 2 s and a 90 pulse length of 2..xs. H solution NMR spectra
solid-echo was 1@s and the dwell time was 1.28. The 99—180° were measured on the same spectrometer with a solution probe head.
pulse spacingt() in the CPMG sequence was 6, n was varied, and The T, values were obtained from fitting the intensities of resonances
a total of 8 scans was used for each measurement. The whole FID of@nd no spectral deconvolution was applied.

each sample was a combination of the data observed from solid-echo
(time range of 8-0.15 ms) and from CPMG (time range of 6.8.0

ms) pulse sequences, and then a multidecay function was used to best

fit the FID data with the IGOR program from Wave Metrics Inc. 1. Mechanical Properties of Plasticized WG Materials
High-resolution solid-statg NMR experiments were conducted at p|asticized wheat gluten materials present typical polymer
room temperature on a Varian Unity plus spectrometer at resonanceproperties, and their performance strongly depends on the nature
i 13, .. . .
frequencies of 75 MHz fo*C and 300 MHz forH. *C NMR spectra o the amount of plasticizer in the system. The mechanical
were observed under either cross-polarization, magic-angle spinning, 5rqherties (tensile strength and elongation at break) of the WG-w
and h'g.h'power dipolar decf’uplmg (CP/MAS/DD) tec.hn'qu.e orbyuse g WG-wg materials are summarized in Figure 1. As predicted,
gzcif'ﬂr?le fhee gglsjlszva';“znsﬁerBH ”;ﬁghgg (vr\;ltsflr:rl]gfgr-‘p%vrver the tensile strength of the materials decreased while the
coupiing. P o - 9 elongation of the materials increased as the amount of plasticizer
spin-locking was 56 kHz), while the spinning rate of MAS was around increased. However the WG svstems alwavs exhibited
6—7 kHz. A contact time of 1.0 ms was used for measuring all CP/ : - MOWEver, "W Sy way XNiol
weaker tensile strength compared to WG-wg systems when a

MAS spectra while the repetition time w2 s and the dwell time was L . . . .
2.5us. The chemical shift ofC spectra was determined by taking the similar amount of plasticizer was used, being consistent with

carbonyl carbon of solid glycine (176.03 ppm) as an external reference the more efficient plasticizing effect of water. The elongation
standard?H MAS NMR spectra were obtained with the same MAS ~Of WG-w systems was longer than those of WG-wg systems at
rates and tetramethylsilane (TMS) was used as an external chemicallOW plasticizer content, but it became shorter at high plasticizer
shift referencelH spin—spin (T2) relaxation times under high-resolution ~ content. The pH also played a significant role in the mechanical
conditions (MAS) were measured either through the decay®®f properties of WG-w materials; the tensile strength of materials
magnetization prepared by CP with varied CP delay times, as reportedat pH= 11 was always higher than that at pt# in conjunction
previously3546 or through the decay dH intensities in MAS spectra ~ with shorter elongation at break, quite consistent with those

observed by the CPM@;(of 40 us) pulse sequence with a repetition  reported for solution-cast WG filn¥2° However, the me_CDV
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Figure 2. Ty values of plasticized WG-w samples as a function of 200
the plasticizer content at pH = 4 (O) or pH = 11 (®) and those of
WG-wg samples at pH = 4 (a) or pH = 11 (a).
chanical performance of WG-wg materials mainly depended on
the amount of plasticizers used and showed no pH dependence. v .
The Ty values of the WG systems are shown in Figure 2. T T T T ,
The data were measured by DMA under the conditions reported 0 2 4 6 8
previously343%5 where the onset of the storage modulds Time (ms) '

decrease, correspo_r1d|_r1g'[9tran5|t|on in DMA measurement, Figure 3. Best fitting result and experimental FID data of a plasticized
was taken as th@ indicator. In all systemdy decreased as  \yG.w sample containing 20% water at pH = 11 as observed via a

the content of plasticizers increased, but fheralue of WG-w combination of signals observed by solid-echo (with details shown in
samples decreased much faster than those of WG-wg, consistenhe inset) and CPMG pulse sequences.

with the more efficient plasticizing effect of water. The pH had

a significant effect on th&y obtained as evidenced by the WG-w usually ranges from 1Qs for rigid polymers (belowTy),
samples with low water content displaying a lovilgrat pH= increases significantly aly transitions, and reaches above
4 than those at pH= 11. However, under alkaline condition 1—2100 ms for rubbery or viscoelastic components. A complex
(pH = 11) Ty decreased rapidly as the amount of plasticizers system with various components in a wide range of mobility
increased. When the water content exceeded 20 wt %J¢he  would show multicomponent free induction decays (FID). The
values at pH= 11 became similar to those at pH4. TheTy analysis of the FID signal would provide information of both
of WG-wg systems also displayed a pH dependence;Tthe  motional nature T> value) and proportion (the intensity of the
values at pH= 11 were all lower and decreased slowly with T, component) of each componefitin order to detect all

increasing amounts of plasticizer, whereas atH} the Ty components in the WG systems, their FID signals were
decreased rapidly with increasing plasticizer content. As the measured by a combination of those detected via solid-echo
plasticizer content approached 35%, the value3 g for the (sensitive to rigid components) and CPMG (sensitive to mobile
WG-wg systems became similar. components). The complete FID data in conjunction with fitting

The generalTy trend obtained is consistent with that for results of WG-w(20%) at pH= 11 observed by this method
solution-cast WG films, where alkaline conditions are favorable are shown in Figure 3 as a typical example. Three components
to plasticization and formation of strong materials. However, it were indeed obtained by best fitting, including a Gaussian decay
is difficult to explain the similar mechanical behavior of the with a shortT; (T2s) and two exponential decays with longer
WG-wg materials thermally processed under both acidic and T, values T2q and T,.), which could be correlated to rigid,
alkaline conditions. A detailed examination of phase mobility intermediate, and mobile phases. The error was mainly due to
and composition is required for understanding the mechanical the signal-to-noise ratio (s/n) of the spectra, and it was around
performance of these materials. 3—5% when the number of scans was 8 in the measurement.

2. Phase Mobility and Composition.In a complex polymer The H T, data (includingTzs, Tom, and T, values and the
system such as plasticized wheat gluten, various phases (suclproportion of each component as phase composition) of WG-w
as plasticized phase, partially plasticized phase, and nonplassystems at pH= 4 or 11 are shown in Figure 4. In WG-w
ticized phase) would coexist and the molecular motions of these systems, all thre&, components behaved differently with strong
different components could be varied over a broad range duepH dependence. Th&,s proportion decreased as the amount
to their differences in chemical nature (proteins, starch, lipid, of water increased under both pH conditions; however, when
plasticizers), chain aggregation, and different intra- and inter- water content was low, the system at pH11 had a larger
molecular interactions within the components. Such materials proportion ofT,s phase, although it decreased faster as the water
normally show a broady transition; thus, phase mobility and  content increased. When the water content was arour@23
composition become very important for understanding and wt %, there was about 25 H % T,s component in the
designing the properties of the materials. Solid-state NMR has samples at both pH conditions where fhg value increased
provided a powerful tool to study the molecular motions and only slightly (from 9.5 to 13us). TheT, values of theTam
phase composition of these multicomponent/phase polymercomponent remained in the range of 3360 us for WG-w
materials. samples at pH= 4, but the values were around-380 us at

IH spin—spin relaxation T») is sensitive to the mobility of pH = 11 suggesting th&,y phase was not as mobile as that at
polymers at molecular levef8.The 1H T, value of a polymer pH = 4. The pH effect was also present fbu ; the Ty, vaIuesCDV
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Figure 4. (A) *H Tys, Tom, and Ty values (microseconds) of WG-w Figure 5. (A) H T,s, Tom, and T, values (microseconds) of WG-wg
systems at pH = 4 (O, 4, O) or pH = 11 (@, A, W). (B) Proportions systems at pH = 4 (O, 4, O) or pH = 11 (@, A, W). (B) Proportions
of Tos Or (Tzs + Tau) phases of WG-w systems at pH = 4 (O or &) or of Tas or (Tos + Tonm) phases of WG-wg systems at pH = 4 (O or a)
pH = 11 (® or A), where total proportions of (Tas + Tow + Ta1) = or pH =11 (@ or a), where total proportions of (Tzs + Tom + ToL) =

100%. 100%.

were always higher at pE 4 until the water content reached longer while the proportions were also lower at pH4. The
25 wt %. The proportion off;. at pH= 4 decreased initially rigid and intermediate phase$,;§ and Tov) of the systems at
when the water content increased, and then it remained constanthe two pH conditions showed similar behavior. Increasing the
around 15-16 *H %. The proportion at pH= 11 increased plasticizer content under both pH conditions decreased the
significantly when the water content increased and reached 47proportion of rigid phase and increased the proportion of the
1H % at a water content of 23 wt %. It seems that the more mobile phase, but the proportion of the intermediate phase
stable aggregated WG structure formed under alkaline conditionsremained almost constant.
was more difficult to plasticize when the amount of plasticizer =~ The Ty values of most of the WG samples were below 40
was low. °C, the temperature at whidh was measured, and tfig values
Phase mobility and composition for WG-wg systems as of the systems with high plasticizer content were even below 0
described intH T, data at pH= 4 and pH= 11 are shown in °C. However, rigid, intermediate, and mobile components all
Figure 5B. The proportion of,s phase (the rigid phase) was coexisted at 40C, indicating some components of WG still
always higher in WG-wg than in WG-w systems. It is interesting remained unplasticized and did not underfptransition at
to note that the results mainly relied on the content of plasticizers temperatures far above the averalgeof the materials. The
(glycerol, as the water content was constant). The pH showeddifferent plasticizing effects in these components caused a wide
only a minor effect on the performances_ values were slightly distribution of mobility in the various phases in the Wé?bv
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Figure 6. H MAS NMR spectra of WG-w(23%) and WG-wg(28%)
sample at pH = 11, observed by CPMG pulse sequence under varied I % %
7 delay times. % §
—~ 20
(2]
materials, which contributed to the broad tdnpeak corre- £ g E@ 1y
sponding to th@y transition in the DMA measurement. Usually 4 ;
DSC and DMA provide motional information of polymer % §
components over a scale of 2000 nm, whileH T, is very ;
sensitive to local dipolar interactions at the molecular level (a - 15 ’
scale below 1 nm). The two methodologies provide dynamic
information of a material on different scales. The result indicates
that phase mobility and compositions of the plasticized WG
materials had a direct relationship with the mechanical perfor-
mance. The stronger tensile strength of WG-w atpH1 could 10 L
be due to the lower mobility offoy and T, phases in the 10 20 30 40
materials, while the similar mechanical performances of the L .
WG-wg systems were attributed to their similar phase mobility Plasticizer Content (%)
and composition at both pH conditions. Figure 7. 'H T of the mobile components observed through *H MAS

Most of the previoudH T, or FID data on WG systems were ~ SPectra. (A) T2 of water or water/glycerol at pH = 4 or pH = 11 for
obtained by either a single 9pulsé”3°#!(where the dead time Z\t/(;a”z(o"l :2 SLViGl"i"Qf’ofyvs\;gT; ((é :g'éﬂvg_cxg"gyst(gfni?zps).
of a pulse could be a problem to detect the rigid components
with T> around 10us, in conjunction with the possibility of  several typicalr times at which thenth echo appeared. The
missing the very mobile components), or a solid-echo (or so- rigid phase (proteins or starch) with a shdg value (broad
called quadrupolar echéjwhich overcame the problem of dead  line width) would be missed in the spectra. The strong peak at
time but still experienced difficulties in measuring very mobile 4.5 ppm was assigned to water for WG-w systems, while the
components. The method to combine signals observed from bothbroad peaks at 4:53.7 ppm are due to water and glycerol (WG-
solid-echo and CPMG to obtain the FID data used in this work wg) with a fast chemical exchange between water and glycerol.
should be a suitable way to detect all polymer components in The resonances at 0.9, 1.3, 2.0, 2.7, and 5.3 ppm were all
a complex system with a wide distribution of mobility. assigned to lipid® As ther time increased, the intensity of the

3. Motional Behavior of Plasticizers. To examine the water or water/glycerol peak decayed much faster than those
behavior of plasticizers in WG systems is another important of lipid resonances, indicating lipid was more mobile than water
element in understanding the plasticizing effects on the WG and glycerol in the systems. Examination of theT, behavior
materials. High-resolution solid-state NMR technique provides of these components can provide their motional information and
an advanced method to explore the behavior of each individual interactions with WG components.
component in a complicated system with good resolution and The!H T, data of water or water/glycerol (at 4-3.7 ppm)
selectivity. In the WG systems studied here, water and glycerol and lipid (at 1.3 ppm) for the WG systems are shown in Figure
were used as plasticizers, and the lipid in WG may also play a 7. In general, th&, of water or water/glycerol increased with
role of plasticizer as suggested in previous reptrt8 These increasing plasticizer content, but the values were always much
small molecules could contribute to the mobile phase in the lower than those of lipid in all systems. For WG-w systems,
materials, which should be detected'ih MAS NMR spectra. the T, of water increased faster at pH 11 than at pH= 4 as
Figure 6 shows théH MAS spectra of WG-w(23%) and WG-  the water content increased. At the same time, the values of
wg(28%) at pH= 11 measured by CPMG pulse sequence with lipid at pH = 4 were longer than those at pH11. The IongerCDV
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220 180 140 100 60 20 ppm
N~ B m Figure 9. 13C CP/MAS (A) and SPE (B) NMR spectra of WG-wg at

pH = 11 after removal of plasticizers. (ssb, spin-side band; *,
background signal of the spinner; spinning rate, 6.6 kHz; CP contact
time, 1 ms; SPE relaxation delay, 2 s).

exist in all phases (rigid, intermediate, and mobile) to different
extents, and strong adhesion among different phases could be
formed through hydrogen-bonding interactions.

4. pH Effect on the Structure of Wheat Gluten. It was
suggested that glycerol could take part in the thermal cross-
linking reactions of WG components under heating conditions
that stabilized the systems and contributed to the strength of
the material$®3! This seemed consistent with the results that
T, values for the WG-w system at pH 4 (shown in Figure WG-wg systems always displayed strong tensile strength and
4) indicated the high mobility of lipid and weaker interactions higher Ty than those of WG-w materials. In order to provide
with other components in the materials. The behaviors of both detailed information of the structures of WG materials formed
the lipid and the plasticizers in WG-wg systems were quite under these different pH conditions with no plasticizing effect,
similar at both pH conditions, being consistent with their similar the samples were also examined by solid-state NMR techniques
phase mobility and compositions. Note that fhevalues of after plasticizers were removed from the WG systems as
water or water/glycerol measured under MAS conditions were described below.
similar to those detected by broad-line NMR under static = Samples WG-w(22%) at pH 4, WG-w(23%) at pH= 11,
conditions. This is consistent with the line width broadening WG-wg(29%) at pH= 4, and WG-wg(28%) at pH= 11 were
mechanism of the water and glycerol plasticizers resulting from soaked in distilled water (5% solid) under sonication. These
chemical exchange between sites with different chemical shifts samples were then washed by distilled water and dried at room
or relaxation processes arising from motional heterogeneoustemperature to a constant moisture content around 4%. Further
regimes and various interaction species in the syst&fis! drying of the samples was avoided as it might add another factor

In a recent paper on the WG-wg system atH 3 besides to change the WG structures. These samples were labeled as
observing the mobile phase in SPE spectra, glycerol signals wereVG-w pH = 4 and pH= 11 and WG-wg pH= 4 and pH=
also detected b{?C CP/MAS NMR spectra, which are sensitive 11. In addition, WG sheet samples compression-molded under
to rigid phases with strong dipolar interactions that are capable the same conditions with 20% water or 20% glycetolL0%
of transferring their proton magnetization & resonances. It ~ water as plasticizer were also treated according to the same
suggested strong hydrogen bonding between WG and glycerol,procedure and labeled as WG-w pH6 (pH of WG is around
and possibly some glycerol molecules even existed in the WG 5—6) or WG-wg pH= 6. The glycerol content in the water
rigid phase. By use of the same method as in ref 35!the&; after sonication of WG-wg samples was measured Hy
values of WG-w and WG-wg systems at pH 11 were solution NMR spectroscopy. In all cases, the amount of glycerol
measured vid3C CP/MAS NMR with varied CP delay times  in water after sonication fdl h was quite close (within-12%)

(in total, 16 values between 2 and 106). Some spectra of  to the amount added to the systems during thermal processing.
WG-w(23%) and WG-wg(28%) are shown as examples in This indicated that even if glycerol might take part in the thermal
Figure 8. With short CP delay times (cau&), mainly signals  cross-linking reactions with WG, the amount would be very
of proteins and starch were detected for the WG-w system. small. Most of the glycerol molecules were hydrogen-bonded
These signals decayed very rapidly as the CP delay time to the WG without chemical bonding. Additionally, only a very
increased following a single Gaussian decay model Wit small amount (less than 2%) of WG (mainly starch) was
values around 1315 us, corresponding to th&,s phase in obtained in the water phase after sonication for 5 h, in contrast
Figure 4. The signals of glycerol at 74 and 64 ppm (narrow to 35% of WG dissolved under the same conditions for WG
lines) were indeed observed for WG-wg systems at short CP powder without thermal processing. This indicates significant
delay times. In contrast to the resonances of proteins and starchthermal cross-linking for WG did occur during the compression
which followed a single Gaussian decay with increasing CP molding to form a stable denatured cross-linked network through
delay time, the narrow glycerol resonance at 64 ppm displayed the materials.

220 140 100 60 20 ppm

Figure 8. 13C CP/MAS NMR spectra of WG-w(23%) and WG-wg-
(28%) at pH = 11, measured with varied CP delay times (z) where
the intensity decay follows 'H T, decay. (CP contact time 1 ms,
spinning rate 6.6 kHz).

220 180 140 100 60 20 ppm

two T, components following a model of one Gaussian plus
one exponential decay function with simil&d T, values as
reported for WG-wg at pH= 4.3% The results indicated that,

All six samples obtained by the above procedure displayed
similar CP/MAS and SPE3C NMR spectra; those of WG-wg
pH = 11 are shown in Figure 9 as a typical example. In both

under both acidic and alkaline conditions, the plasticizer could spectra, all glycerol signals disappeared. In the CP/I\/@S\/
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Table 1. 'H T, Values? Observed via *H MAS Spectra for WG Systems after Removal of Plasticizers

samples 5.3 ppm 2.7 ppm 2.2 ppm 2.0 ppm 1.3 ppm 0.9 ppm
WG-w, pH =4 24.2 12.6 11.3 21.7 30.0 26.9
WG-w, pH =6 14.4 7.0 8.8 16.2 275 215
WG-w, pH =11 11.1 5.6 6.5 12.2 20.7 16.9
WG-wg, pH =4 21.1 9.0 8.5 16.5 24.6 211
WG-wg, pH =6 14.4 7.0 6.6 16.2 24.8 215
WG-wg, pH =11 12.3 6.1 6.1 14.2 22.1 19.9

a T, values are given in milliseconds.

thermal cross-linking was predominant. When a sufficient
amount of water was present (high water content in WG-w
samples), most of the processes under alkaline conditions could
also occur to some extent, resulting in additional strong
aggregation within the WG chains via strong intermolecular
interactions among these different components/phases in the
materials. Thermal cross-linking should generate greater me-
chanical strength for such materials. However, in WG-wg
systems the amount of glycerol was predominantly present as
plasticizer, and the amount of water was low and constant. The
alkaline conditions resulted in an efficient plasticization of a
certain proportion of WG as shown in tfig behavior (Figure

2), but the mechanical performance and phase mobility of the

© W
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8 76 5 4 32 1 0 ppm major proportion mainly depended on the amount of glycerol
Figure 10. 'H MAS NMR spectra of WG-w at (A) pH = 4, (B) pH = used. pH did not play a significant role for this major proportion.
6, and (C) pH = 11 after removal of plasticizers. The chemical linkage via a cross-linking reaction suggested

previously between glycerol and WG was not observed in the

spectrum, resonances at 173, 54, and 20 ppm are attributed ~ WG-wg systems. Hydrogen bonding between glycerol and WG

to the proteins while those at 103, 83, and 74 ppm are due to macromolecules formed during thermal processing would be
residual starch. Mainly mobile lipid resonances were detected stronger than that between water and WG due to the lower
in the SPE spectrum (at 179, 130,-3®8, and 15 ppm) in mobility of glycerol at room temperatures. The whole materials

conjunction with a minor amount of mobile pro[eins (174,—60 behaved as though they had an additional CrOSS-Iinking effect
45, and 36-15 ppm) and starch (75 ppm). The intensities at 61 through the interactions, and the molecular motions of the

and 52 ppm in the SPE spectrum indicated the presence ofPlasticized (mobile) phases in WG-wg materials were restricted
pro”ne and g|utamine in the mobile state, being consistent with to a certain extent, thus reSUlting in greater mechanical Strength.
previous reports that proline and glutamine were the easiest
segments in wheat proteins to plasticize or hyd?&#é:3!

The pH effect on the lipid component after removal of
plasticizers was also examined. Figure 10 shows'th&IAS The mechanical properties and phase structures of thermally
spectra of WG-w pH= 4, 6, and 11, where only lipid signals  processed WG materials were mainly determined by the
were obtained while the rigid components appeared as a verysignificant denaturization and cross-linking that occurred during
broad baseline. The spectra for WG-w systems displayed similarthe thermal processing and by the nature or amount of plasticizer
behavior. TheH T, values of the lipid in these samples were used. The pH effect played an important role in WG-w materials.
obtained by CPMG pulse sequence ¥%# MAS spectra and  As in solution casting, alkaline conditions caused some level
are listed in Table 1. In both WG-w and WG-wg systems the of deamidation of WG that modified the chemical and aggrega-
'H T, decreased as pH increased for most lipid resonances. Theion structures, enhanced intermolecular interactions between
H T, data were also quite similar under the same pH conditions water and all components in WG (proteins, starch, and lipid),
no matter whether in the WG-w or the WG-wg system. Alkaline and resulted in a more stable cross-linked WG network with
conditions would cause saponification of lipid and increase the strong intermolecular interactions (adhesion) among the different
hydrophilicity of the component. This would promote its components and phases. Thus, the materials displayed greater
interactions with WG and plasticizers; thus the mobility of the mechanical strength. The saponification that occurred under
lipid molecules would be reduced to some extent. Note that the alkaline conditions also enhanced the hydrophilicity of lipid and
H T, values of the lipid became longer after removal of the miscibility among lipid, water, and WG components, thus
plasticizers, suggesting the lipid did interact with plasticizers also playing a role in the results obtained. However, for WG-
and became more mobile when the plasticizers were removedwg materials with a low constant amount of water, the
from the systems. performance of materials was not significantly affected by pH.

The amount of water would play an important role in the pH The phase mobility/composition mainly depended on the content
effect on the performance of the WG materials. Deamidation of glycerol. During thermal processing under either acidic or
under alkaline conditions would convert glutamine amide groups alkaline conditions, glycerol was unlikely to thermally cross-
(i.e., proteinr-CONH,) to glutamate carboxylate groups (i.e., link with WG under the conditions used in this work. The
protein—COQO") that reduced the hydrogen bonding within advanced mechanical performance of WG-wg materials was
protein structures, thus enhancing the solubility and dispersion attributed to the strong hydrogen-bonding interactions between
capability of WG during solution casting, which would favor glycerol and WG components present in all phases acting as
formation of stronger film3%2° In WG thermal processing, an additional cross-linking effect on the whole material. CDV

Conclusions
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