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A multifunctional macromolecular thiol (TPVA) obtained by esterification of poly(vinyl alcohol) (PVA) with
3-mercaptopropionic acid was characterized by a combination of NMR, IR, transmission electron microscopy
(TEM), and differential scanning calorimetry (DSC), and was used as a wheat gluten (WG) reactive modifier.
The effect of TPVA molecular weightM,, = 2000, 9500, 50 000, and 205 000) and blend composition (5, 20,
and 40% w/w TPVA/WG) on the mechanical properties of compression-molded bars indicates that TPVA/WG
blends increase the fracture strength by up to 76%, the elongation by 80%, and the modulus by 25% above WG.
In contrast, typical WG additives such as glycerol and sorbitol improve flexibility but decrease modulus and
strength. Preliminary investigations of suspension rheology, water uptake, molecular weight distribution and electron
microscopy of TPVA/WG and PVA/WG blends illustrate the different protein interactions with PVA and TPVA.
Further work is underway to determine whether TPVA and WG form protein conjugates or microphase-separated
morphologies.

Introduction were applied to both the film-forming solution (pretreatment)
and on the film (posttreatmerij. 22 Formaldehyde is a well-
known cross-linking agent for many types of proteins derived
from pea?* cottonseed?® corn zein?® and wheat> 47 and it
generally decreases the elongation and increases the tensile
strength. However, because of its toxicity, its use is limited.
Ultraviolet and y radiation can cross-link proteins, but the
efficiency of the radiation in the cross-linking reaction depends
on the protein source; soy protein is rich in tyrosine and
phenylalanine and is thus sensitive to UV radiafi®mhich is
not the case for p8aand gluten films°

In addition to the use of plasticizers, various polymers were
also blended with WG. This includes aliphatic polyestémly-
(hydroxy ester ethe? maleic anhydride-modified polycapro-

Commodity materials made from naturally occurring biopoly-
mers can be both a cost-effective and environmentally sound
alternative to traditional petroleum-based polymers. Wheat
gluten (WG), when molded into plastic, has high stiffness in
the range of epoxyH ~ 1 GP4& and 3.5 GP3 and reasonable
strength (26-35 MP& and 50 MP3) in comparison with other
bioplastics® However, WG is quite brittle, leading to this and
previous investigations into additives to improve its ductility.

In particular, protein-based materials are particularly attractive
because of their low cost and wide variety of functional groups
associated with the amino acid residues. Structural modifications
via physical (temperature or pressure treatment), enzymatic
hydrolysis, attachment of amines and deamidation), or chemical ) . .
gcyoss-)llink) methodsare often used to tailor protein) properties 1actone:® poly(ethyleneeo-vinyl acetate)/poly(vinyl chloride};
for different applications. Among them, chemical modification and cassava star@ﬁ.The b'e”‘?'s were mllxed using a screw
of the amino acid functional groups is a very powerful and Xtruder. Mechanical properties were investigated on bars
versatile tool to improve protein properties, such as water formed by injection T“O'd'“g of t_he extrudate _pellets. In most
resistance and mechanical performance. cases, _the mechanical properties were satisfactory, but the

Since molded WG is brittle, hydrophilic plasticizers such as elon_gatlon was reduced compared with that of the pure polymer
water, glycerol, and sorbitol are used to screen noncovalentadd't've'
interactions. Plasticizers decrease the glass transition temperature 10 circumvent these problems, other methods of improving
and increase the flexibility of WG. Water is the most effective the mechanical properties of WG are investigated herein. Since
plasticizer, and its effects on WG are well-kno®n? While the disulfide bond plays a central role in the wheat protein
g|ycer0| is an effective p|asticizer, it migrates to the surface netWOfk, chemical modification causes Significant Changes in
during storage, and thus WG films lose flexibility within a few the overall properties of wheat protein. This is evidenced by
days*18Sorbitol is less effective but is retained during stordge. our recent work of modifying wheat protein with a low
Diethanolamine and triethanolamine can also plasticize3vG, molecular weight¥, = 1247) three-arm, thiol-terminated poly-
and the plasticizing effect of a series of saturated fatty acids (ethylene oxide}.However, custom-designed additives are very
was approximatéd22 to be intermediate between water and €xpensive, and the cost is a concern when making a competitive
glycerol. alternative to commodity plastics.

Plasticized WG has high flexibility, but very low modulus In this work, we present a new polythiol additive based on
and strength. Thus, to increase strength, proteins can be crossthiolated poly(vinyl alcohol) (TPVA) via its esterification with
linked by several methods. Chemical and radiation treatments 3-mercaptopropionic acid. The mechanical properties of TPVA/
WG and PVA/WG blends were studied. Evidence of the
* Corresponding author. E-mail: rparnas@ims.uconn.edu. chemical interaction of the TPVA with WG was revealed by
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rheology and size exclusion high-performance liquid chroma- Scheme 1. TPVA Synthesis by the Esterification of PVA with
tography (SE-HPLC). Several of the property enhancements 3-Mercaptopropionic Acid.

reported here are similar to those afforded by previous additives, PVA
but some, such as the water absorption, are quite different. The n
discussion of the similarities and differences is begun here, and 1
: : OH
is further explored in a subsequent paper devoted to the
microstructure of these blends. )
)I\/\ HCI, H,0, 80 °C
Experimental Section OH N SH
Materials. American vital WG was obtained from Arrowhead Mills,
Hereford, TX. PVA M,, = 9500, 50 000, and 205 000), 3-mercapto-
propionic acid, and dithiothreitol (DTT) were from Sigma-Aldrich. PVA X n-Xx
(M,, = 2000) was obtained from Acros Organics. All were used without OH 0 SH
further preparation. Chemlease PMR mold release was obtained from TPVA \[(\/
Chem Trend, Howell, MIl. While mercaptopropionic acid has the 3 o

characteristic smell associated with the vast majority of sulfur
compounds, its toxicity (according to the MSDS) is not significantly
higher than that of propionic acid. In addition, once it is esterified with
PVA, the vapor pressure decreases considerably, as expected for
polymer, and no characteristic smell remains.

Techniques.Nuclear Magnetic Resonance SpectroscépyNMR
(500 MHz) spectra were recorded on a Bruker DRX-500 at@4n
D,O (Aldrich; 1% v/v trimethylsilane as the internal standard).

Fourier Transform Infrared (FT-IR) SpectroscopyT-IR spectra
were taken using a Nicolet Magna-IR 560 with 32 scans. The powders
were ground into a dry KBr disk. The spectra were analyzed using
Omnic software, version 7.2a, from Thermo Electron Corporation.

Differential Scanning Calorimetry (DSCylodulated DSC (MDSC)
was performed using a DSC-Q100 from TA instruments. The modula-
tion was=+ 0.5°C/min, with a heating rate of 2ZC/min from 20 to 140
°C, using 10 mg samples. The second heating is reported.

Transmission Electron MicroscopgyfEM). TEM was carried out
with a Philips 300 electron microscope using an operating voltage of
80 kV. Thin sections{70 nm) were microtomed from compression-
molded TPVA and PVA specimens at room temperature with a diamond
knife using an LKB ultra microtome. PVA specimens were cut dry.
TPVA specimens were cut, and the sections were floated on water
before being collected on Cu grids. No external staining was used, since
staining in RuQ@ vapor did not improve contrast.

Synthesis of TPVALPVA was synthesized by the esterification of
PVA with 3-mercaptopropionic acid in the presence of hydrochloric
acid. PVA (5 g, 113.6 mmol repeat units) was dissolved in 20 mL of
water at 80°C, and a mixture of 3-mercaptopropionic acid (6 g, 56.82
mmol) and HCI (1 mL 7N, 7 mmol) was added dropwise over 20 min.

ﬁ{t/eAr ?\/Ih élt gg;% t5hoe Orglgture dwza:)sssé?)\(l)vly pouretd |ntofmeFt)han0|_(for temperature) with 0.05 M sodium phosphate buffer (pH 6.8) containing
W - » an ) or acetone (for PWA, = 2.0% (w/v) sodium dodecyl sulfate (SDS) and centrifuged (10 min,
2000), and the white preC|p|t_ate was collected, washed repeatedly ble,OO(g). For molded specimens, a file was used to create a powder
methanol or acetone, and dried under vacuum at room temperature. from the bar, and this powder was extracted in the buffer. Supernatants

Elem_ental Analysis of TPVAL“ 10-20 mg (=1.0) portion of sample were filtered (0.45%m) and loaded (5@L) on a Phenomenex BioSep-
was weighed and combusted in a Schoniger Oxygen flask. The 9aseoussE-_ 54000 (300< 7.8 mm) column (Phenomenex, Torrance, CA).

products were captured in a peroxide-absorbing solution, which was The proteins were eluted at room temperature with 50.0% (v/v)

0 ) o . . :
made 80% ethanolic before titration with a®Baolution to a Thorin acetonitrile containing 0.05% (v/v) trifluoroacetic acid (flow rate, 0.5

|nd|catc.)r eqdpomt. . . mL/min). The detection was performed with a Kontron HPLC 332
Modification of Wheat ProteirVarying amounts of TPVA and PVA detector (Kontron Instruments, Ltd., Buckinghamshire, U.K.) at 210

(5, 10, 20, 30, or_alo% (wiw) with respect to gluten)dv_vere diSdSONEd i'n nm. Proteins were classified into four groups: (1) unextractable
0.05 M acetic acid at room temperature; WG was dispersed at a 1:10 polymeric proteins, (2) extractable polymeric proteins, (3) oligomeric

(w/v) ratio, and the mixture was stirred overnight. The mixture was proteins and high molecular weight glutenin subunits (HMW-GS), and

subsequently freeze-dried and ground into powder with a mortar and (4) low molecular weight glutenin subunits (LMW-GS) and gliadins.
pestle. As a control, WG was mixed with acetic acid in a 1:10 (w/v)

ratio, and processed without any additive.

Preparation of Molded Specimen€ompression molding was Results and Discussion
performed at 150C for 10 min at 88 964 N (20 000 pounds) of force
in a multicavity mold. The WG/polymer powder was molded into brown ~ Synthesis and Characterization of TPVA.The thiolated
homogeneous bars with dimensions 0&40.5 x 0.2 cm. The mold TPVA derivative was synthesized by the esterification of PVA
was coated by PMR mold release agent before molding. Although the (1) with 3-mercaptopropionic acid2) in the presence of
molding temperature of 150C is quite high relative to previous  hydrochloric acid® (Scheme 1). The reaction was carried %V

reports3® no apparent degradation occurred within the short molding
eriod. Comparison to properties obtained at-1160 °C indicated
hat 150°C was the best molding temperatdfe.

Mechanical Properties Experimentfter molding, the specimens
were kept in a desiccator for 3 days, after which time a three-point
bending test was performed according to the standard test methods for
flexural properties, ASTM D790-02. The tests were conducted on a
computer-interfaced Instron 1011 with a 500 or 50 N load cell,
according to the actual load needed. The rate of crosshead motion was
1 mm/min, the data acquisition rate was 10 points per second, and
three to five replicates were made of each test. Stresain curves
were constructed from the data, and the modulus was determined by
fitting a straight line to the initial part of the curves. The water content
of the specimens, measured after the mechanical tests, was kept to
2.5-3 wt %.

Water Absorption ExperimenfThe original weight of molded
specimens of WG, TPVA, PVA/WG (5, 20, and 40%), and TPVA/
WG (5, 20, and 40%) was recorded. Specimens were then immersed
in deionized water. At certain times, the specimens were taken out,
surface dried with a tissue, and weighed. The weight was recorded as
a function of time. Three replicates were measured for each material
at each time point.

Rheology Study of WG icetic Acid. The viscosity of PVA, TPVA,
and their blends with WG in acetic acid was determined using a Physica
UDS 200 (Anton Paar GmbH) at room temperature using a bob and
cup fixture. A steady shear rate of 500'svas used to monitor the
viscosity changes during mixing.

SE-HPLC StudySamples (1.0 mg/mL) were extracted (1 h at room
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Table 1. Mechanical Properties of Compression-Molded WG Blends
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additive
additive thiol additive strength modulus elongation
# additive My content? amount? (MPa) (GPa) (%)
1 none — 1 0 51+24 3.5+0.08 1.5+ 0.08
2 none — 2 0 345+5.6 2.33+0.14 151 +0.27
3 PVA 2000 0 20 43.8 + 4.86 2.98+ 0.51 153 +0.29
4 TPVA 2000 55 20 46.3 +9.6 2.92+0.21 1.70 £ 0.30
5 PVA 9500 0 5 48+ 5 34+0.2 14+01
6 PVA 9500 0 20 45+ 5 38+0.1 14+01
7 PVA 9500 0 40 39+59 3.93+ 0.16 147 £0.16
8 TPVA 9500 6.96 5 62 +4 34+03 21+0.1
9 TPVA 9500 6.96 20 76 +4 31+0.2 2.25+0.1
10 TPVA 9500 6.96 40 68.2 + 4.3 29+0.2 1.95 + 0.07
11 PVA 50 000 0 5 45 4+ 3.5 3.8+0.2 1.2+01
12 PVA 50 000 0 10 44 + 3 35+0.2 1.2+01
13 PVA 50 000 0 20 43+ 2 38+0.1 11+01
14 PVA 50 000 0 30 47 £ 3.2 4+0.2 1.2+01
15 PVA 50 000 0 40 45 4+ 3.1 3.6+0.2 1.4+0.13
16 TPVA 50 000 4.94 5 74 £ 3.3 4+0.1 21+0.1
17 TPVA 50 000 4.94 10 79 +£3.2 4+0.1 23+0.1
18 TPVA 50 000 4.94 20 89+ 3 4+0.2 27+0.1
19 TPVA 50 000 4.94 30 75+ 4 43+0.1 2+0.1
20 TPVA 50 000 4.94 40 78 +£2 42+0.1 21+0.1
21 PVA 205 000 0 5 615+ 3 4+0.2 1.68 £ 0.5
22 PVA 205 000 0 20 52 +3 39+0.2 14+01
23 PVA 205 000 0 40 55+5 34+03 1.69 +£0.17
24 TPVA 205 000 3.73 5 70.7+3 4+0.1 1.95 + 0.09
25 TPVA 205 000 3.73 20 73+4 3.8+0.1 21+0.1
26 TPVA 205 000 3.73 40 64.5 + 4.8 3.6+0.2 2.19 +0.23
a From elemental analysis of the additive. ? g/g WG.
a 150 1
a b a b
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C
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Figure 1. 500 MHz H! NMR spectra of (a) PVA and (b) TPVA in
D,0.

with 1 mol of 3-mercaptopropionic acid for every two moles
of hydroxyl group in PVA. Four different molecular weights
of PVA were used to prepare the TPV3)(Since the molecular
weight has an influence on the solubility and reactivity of PVA,
slightly different sulfur contents were produced for each
molecular weight. The products were soluble in water at room

temperature. However, in contrast to PVA specimens, compres-

sion-molded TPVA samples were water insoluble.

Figure 1 presents a comparison of thé NMR spectra of
TPVA and the precursor PVAM, = 50 000). The broad
multiplet ato ~ 1.4—1.9 ppm corresponds to the main chain
—CH,— resonance in both polymers. The resonanceat2.1
ppm corresponds to the methyl of an acetate gret®;-CO—
CHs. Commercial PVA is obtained by the hydrolysis of poly-
(vinyl acetate) and, consequently, is in fact poly(vinyl alcohol-

Figure 2. FT-IR spectra of (a) PVA, (b) TPVA, and (c) 3-mercapto-
propionic acid.

co-vinyl acetate) containing about 10% acetate groups. The main
chain—CH— is observed in both polymers &t~ 3.8—4.1 ppm.
The decreased intensity of the acetate groups in TPVA to below
1% indicates their hydrolysis during the acid-catalyzed thiola-
tion. In addition, the distinctive feature of TPVA is the presence
of the multiplet atd ~ 2.7—2.8 ppm, which corresponds to the
3-mercaptopropionic ester fragmentQ—CO—CH,—CH,—SH,
and allows the estimation of a percent of thiolation at about
5.2% for the sample in Figure 1. The percent of thiolation was
also determined via elemental analysis (Table 1) and found to
agree satisfactorily with the NMR values.

Figure 2 presents the FT-IR spectrum of PVA and of the
corresponding TPVA NI, = 50 000). The spectrum of the
3-mercaptopropionic acid, also included for comparison, %?BV
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Figure 3. MDSC of PVA and TPVA: (a) MDSC data for MW 50 000

PVA and TPVA, and (b) T4 values plotted against molecular weight
for PVA and TPVA.

tains characteristic absorption associated with the stretching

mode of the—SH group at 25062700 cnt.3° Although the

degree of thiolation is low, the same peaks are also observed

in the TPVA sample but are absent in PVA. For both polymers,

the broad absorption at 3083800 cn1! corresponds to the

OH stretching vibrations, while the sharper absorbance at-2900 .

300,0, cm'! is associated _W'th the €H stretching mode. In Figure 4. TEM images (x6600) of compression-molded samples of

addition, the G=O stretching absorption of an ester group at (4) dry cut PVA and (b) wet cut TPVA.

1700 cntis observed in both polymers as a result of the acetate

functiona]iw in PVA and the mercaptopropionic ester group in Scheme 2. Reversible Sulfhydryl/Disulfide Interchange Reaction

TPVA, respectively. protein-S-S-protein + R-SH — protein-S-S-R + protein-SH
MDSC (Figure 3a) of PVA and TPVA (bothl,, = 50 000),

indicates that the glass transition temperatufg (ncreased @ oH el

slightly from 71 to 75°C upon thiolation. Figure 3b illustrates + HO:C — + HOO

the Ty of TPVA at several molecular weights, showing large "o st H °

effects due to thiolation at both low (MW 2000) and high (MW bTT

205,000) molecular weight. Transmission electron microscopy

(TEM, Figure 4), illustrates the differences in the morphologies HS s
of compression-molded samples of these two polymers. PVA . H+@—- s
was microtomed dry because of its high solubility in water and H <
HS Hs
SH

has a smooth appearance with some banding, which is probably
due to compressive folding of PVA during microtoming. The
compression-molded TPVA is not water soluble and, because
it was floated off the sample onto water, has a highly textured (ethylene oxide) previously blended with WG also reduced
appearance. Although some of the differences in appearancedisulfide linkages in the protein, but did not appear to form the
may be due to the differences in microtoming procedures, it is internal disulfide bond typical of DTT.
possible that TPVA may be partially microphase separated into  The disulfide reduction reactions that reduce the dough
sulfur-rich and sulfur-poor regions. The sulfur-rich regions may mixing time are also expected to reduce WG suspension
likely form cross-links, raising th&g of TPVA relative to that viscosity. Quantitative viscosity measurements may therefore
of PVA and rendering the TPVA insoluble in water. provide insight into the kinetics of the interactions between
Rheology of WG Blends Previous studies show th&R,33- thiolated additives such as TPVA and WG. TPVM{ =
3,4-dimercaptobutane-1,2-diol (dithiothreitol or DTTand 50 000) was mixed with a suspension of 10% (w/v) WG in 0.05
similar reducing agents decrease the dough mixing time of wheatM acetic acid at a level of 2% (w/v). This corresponds to an
flour and its resistance to breakdo#ft! The effects of DTT amount of thiol equivalent to that of the SH groups in WG.
on wheat flour rheology and other properties is widely thought The corresponding control experiments were performed mixing
to be due to the sulfhydryl/disulfide interchange reaction, PVA/WG as well as TPVA, PVA, and WG alone. These data
illustrated in Scheme 243 DTT is a very effective protein-  were compared with WG mixed with DTT. Mixing was
reducing agent because this reaction is nearly irreversible as agperformed at a steady shear rate of 508 snd the viscosity
result of the very stable intramolecular disulfide formed in the was monitored for periods of time up to 10 h. (Figure 5).
DTT reaction product. We hypothesize that TPVA also reduces  Both PVA and TPVA display very similar, time-independent
proteins by this reaction. The three-arm thiol-terminated poly- viscosity profiles. A slightly higher viscosity, which remai%v
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Figure 5. The time dependence of viscosity for WG and additive
solutions in 0.05 M acetic acid at a 500 s~ shear rate.

10 20 30

Amount of Additive (w/w %)

constant up to about 10 000 s and which is followed by a slow
decrease, is observed for WG. Both PVA/WG and DTT/WG
start out with comparable viscosities. However, while the PVA/
WG blend behaves similarly to both PVA and WG alone and (b)
maintains a constant viscosity, a dramatic decrease in viscosity
with time occurs for the DTT/WG blend after about 800 s. The
TPVA/WG blend starts at higher initial viscosities, indicative
of a more complex interaction of TPVA with WG and follows
a viscosity decrease similar to, albeit less intense than that of
the DTT/WG blend, finally converging with that of WG alone
after ~10 000 s. The sharp contrast in viscosity decrease
between the thiol blends and all other materials can be explained
by the thiol reduction of disulfide bonds in the WG blends,
leading to the formation of smaller aggregates and possible
partial solubilization.

The rheological behavior illustrated in Figure 5 is due to
several interactions, including particle size changes and ag- Amount of Additive (wiw %)
gregatiot* and sulfhydryl/disulfide interchange reactions. Al- Figure 6. The dependence of (a) fracture strength (M, 00), elongation
though a full understanding of these data requires additional (4, 2), and (b) modulus (®,0) of TPVA/WG and PVA/WG blends on
investigation, they are presented here without further interpreta- additive (M = 50 000) content.

tion only to demonstrate the importance of thiol-mediated rgperties are observed in the range 0f20% (w/w) TPVA.
interactions with wheat proteins. _ ~ This additive concentration roughly corresponds to an equivalent
The viscosity of plain WG and PVA/WG suspensions remains amount of thiol in the additive and in the WG. This stoichi-
constant for a relatively long time, as no reduction of the WG ometry was determined by amino acid analysis of the WG,
occurs in these systems. Figure 5 also sheds some light on theyhich yielded 0.301 mmol cysteine residues/g of WG. Cysteine

kinetics of the reducing reaction. It appears that DTT reacts js the only thiol-containing amino acid of naturally occurring
with WG protein much faster than TPVA, as seen from the proteins.

decrease in the DTT/WG blend viscosity relative to the levels = Figure 6 also indicates that TPVA does not plasticize WG,
of TPVA. This may be due to the much higher molecular weight a5 the elongation to break increases without the penalty of
of the TPVA M\, = 50 000) compared to that of the DTT  decreased modulus. This superior performance is in line with
reducing agentNy = 154). our previous resultsand it contrasts strongly with the behavior
Mechanical Properties. TPVA and PVA of various molec-  of WG plasticizers, which increase ductility at the expense of

TPVAIWG

3.8
PVAIWG

3.6

Modulus (GPa)

3.4

3.2 T T 1
10 20 30 40 50

ular weights were used to modify WG and form compression-

molded bars. Specimens from both WG and TPVA/WG blends
have a homogeneous look and brown color. The bars molded
out of PVA/WG blends are slightly darker and have obvious

heterogeneities in the form of light-colored spots.

The mechanical properties of protein/polymer blends of WG
and varying amounts of TPVA or PVA polymerdl{, = 50 000)
were determined by three-point bending tests, and are sum-
marized in Table 1 and Figure 6. The PVA/WG blends have

modulust*~1645-48 or WG cross-linkers, which increase modulus
at the expense of ductilit§p52

It is also interesting to note that, for this thiolation level (5.2
mol %), an additive content of 27% w/w would contain an
amount of thiol equivalent to that of the WG. However, the
20% wi/w blend generally had better properties than the 30%

w/w blend, illustrating the complex interactions in this system.

It is not surprising that the properties should be quite different
at additive levels higher than the thiol-equivalent amount, as

similar or lower stress and strain to failure versus WG. By the multiple—SH functionalities along the TPVA chain allow
contrast, the TPVA/WG blends provide larger strain at break for multiple disulfide-sulfhydryl exchange reactions, which

and flexure strength and a slightly higher modulus than pure
WG and PVA/WG. For example, the 20% TPVA/WG blend

has a breaking strain of 2.7% compared to 1.1% in the
corresponding PVA/WG blend, and a flexure strength of 89 MPa
compared to 43 MPa in the corresponding PVA/WG blend. The
mechanical properties first increase with increasing TPVA

content, and then begin to decrease. Optimum mechanical

alter the distribution of inter- and intramolecular disulfide
linkages in WG as well as within TPVA. This is also apparent
in the water absorption experimentside infra) in that the
molded TPVA is not water soluble as a result of disulfide cross-
links.

Effect of TPVA Molecular Weight. PVA samples withM,,
= 9500, 50 000 and 205 000 were used for PVA/WG %{BV
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®d) Figure 8. Water absorption properties of PVA/WG 20% wiw (®),
c ; —m— 40 wiw % TPVA/WG 20% w/w (¢), WG (m), anq TP\(A (a). The normalized
c 18 —e—20 wiw % mass of the sample plotted on the ordinate is the sample mass, m,
‘g 16 | A 5wiw% after absorbing Wa_ter for a period of time divided by the initial sample
- mass, mo, before immersion.
5 14
S 12 more strongly than the lower and higher molecular weight
§ TPVA because it interacted less strongly with itself.
2 11 Water Absorption Experiments. The water absorption data
0.8 : I of the compression-molded, blended material is presented in
0 50000 100000 150000 200000 250000 Figure 8. The experiments were stopped after 8 days because
MW of additive of mold growth. Since molded PVA is water soluble, PVA water
©) 14 absorption was not measured. During the first 2 days of the
' —m 40w experiment, WG absorbed 70% of its original weight in water
wiw % . .
8 —e— 20 wiw % and reached a plateau of normalized mass of 1.7. While TPVA
312 —&—5wWiw % absorbed roughly the same amount of water as WG and at a
S similar rate, in contrast to PVA, it did not dissolve, most likely
§ because of the formation of intra/intermolecular disulfide cross-
E 1 links.
‘g The PVA/WG blend absorbed much more water than did WG.
Thus, after 1 day, the weight at least doubled. Then, it began
0.8 + to decrease with time because of the dissolution of PVA and

0 50000 1&%0&3 J&’:i(tliggo 200000 250000 its slow diffusion out of the specimen. In contrast, the water
absorption of the TPVA/WG blend increased continuously with

Figure 7. The dependence of normalized (a) strength, (b) elongation, . .
and (c) modulus on the additive molecular weight and TPVAWG time and leveled off after 100 h. Interestingly, the TPVA/WG

blend composition: 5% wiw (a), 20% wiw (#) and 40% wiw (m). blend absorbed more water than either component. This behavior
Values were normalized by dividing by the value for the control is significantly different than our previously reported blends with
unmodified WG sample. lower molecular weight thiol$. Although the water uptake

mechanism may be quite complex in these materials, the initial

TPVA/WG blends containing 5, 20, and 40% (w/w) additive. slopes of the normalized mass in Figure 8 illustrate some
TPVA and PVA withM,, = 2,000 were blended with WG at interesting comparisons between the water transport kinetics.
20% (w/w). The mechanical properties of PVA/WG and TPVA/ For example, the rate of water uptake in the TPVA/WG blend
WG blends are summarized in Table 1. The properties of the is much larger than in either individual component. This
TPVA/WG blends are also shown in Figure 7. nonideal behavior may be indicative of complex blend morphol-

Statistical analysis (t-test) of the mechanical property data ogy, with interfacial zones that are more hydrophilic than either
indicates that the differences were significant (95% confidence component.
level) between the measured strength, elongation, and modulus SE-HPLC Analysis of Extractable Gluten Proteins. SE-
of the TPVA/WG blends and the unblended WG, except in the HPLC (Figure 9) was used to investigate the effect of the
cases oM,, = 2000 TPVA blended at 20% (wt/wt) arid,, = molding process on the molecular weight distribution of the
205 000 TPVA blended at 40% (w/w). The mechanical proper- extractable protein fractions of WG and PVA/WG and TPVA/
ties of TPVA/WG blends were also significantly different from WG blends. WG alone had almost identical profiles with PVA/
those of PVA/WG blends with 95% confidence, except for the WG before molding and with TPVA/WG after molding.
same two exceptions noted above. Overall, the best results were Figure 9a,b presents the molecular weight profiles before and
achieved with intermediate molecular weight (50 000) TPVA after molding from WG blends using PVA and TPVA with,
at a 20% (wt/wt) composition (Figure 7). = 50 000, which were extracted as previously descfilisthg

There exist many possible reasons why the MW 50 000 SDS buffer. Longer times on theaxis in Figure 9 correspond
TPVA gives the highest strength and strain to failure. One to lower molecular weight species. As shown before, gliadins
possible explanation stems from the MDSC results summarizedand LMW-GS M, up to~70 000) emerge from the column at
in Figure 3b. The elevatedy of both MW 2000 TPVA and 16—19 min, oligomeric proteins and medium molecular weight
MW 205000 TPVA, relative to PVA, indicates that the glutenin subunits (MMW-GSM,, ~ 65 000-90 000) emerge
interactions of TPVA with itself are strongest at the lowest and at 12-16 min, while extractable polymeric proteins (the highest
highest molecular weights used in this study. Perhaps the molecular weight species, HMW-G8&/},, > 90 000) elute at
intermediate sized TPVA of MW 50 000 interacted with WG about 10 mir?3 cDV
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600 - proteins decreases significantly for both blends, as evidenced
by the decrease in the signal from samples made from the same
500 - weight of material. This is due to the formation of strong
molecular associations and the incorporation of LMW-GS into
TPVAWG
400 - A larger aggregates. However, the peak of the low molecular
/ \ weight proteins from TPVA/WG or WG alone is drastically
300 | reduced. This indicates a larger post-cure cross-linking density
WG & PYA/WG i in WG and TPVA/WG blends versus PVA/WG blends.
200 - The data in Figure 9b does not indicate any detectable
/ ! \ difference in extractable protein or molecular weight distribution
100 \ i/ -~ between WG and TPVA/WG after molding. Therefore, the
N> — ol e et N improvement in mechanical properties of the TPVA/WG blend
. . over WG is probably not due to increased cross-linking due to
10 12 14 16 18 20 TPVA. While a strong interaction of TPVA with WG is apparent
from Figure 9a and from the rheology (Figure 5), it does not
appear to increase the cross-linking of WG above the intrinsic
(a) cross-linking caused by the compression molding process.

Signal

Time (min)

100
Conclusions

[
o \ Esterification of commercially available PVA with 3-mer-
| captopropionic acid provides easy access to multifunctional
‘ macromolecular thiols, as confirmed by a combination of NMR,
FT-IR, TEM, and DSC investigations. The resulting TPVA was
1 used to reactively modify WG blends. SE-HPLC and viscosity
\ measurements of WG as well as WG/PVA and WG/TPVA
i L i suspensions illustrate the ability of TPVA to reduce WG
50 W& AEVUNG _,’ N disulfide bonds via the disulfide/sulfhydryl interchange reaction.
s The effect of additive molecular weight and blend composi-
e ~ tion on the mechanical properties of compression-molded bars
0 S was studied with three-point bending tests for both TPVA/WG
10 12 14 16 18 20 and PVA/WG blends and compared with the WG baseline. In
Time (min) contrast to conventional WG additives, which typically improve
flexibility but decrease modulus, the TPVA/WG blends greatly
(b) increase both flexure strength and strain to failure while also
Figure 9. SE-HPLC chromatographs of WG, PVA/WG, and TPVA/ slightly increasing modulus over pure WG and PVA/WG blends.
WG (20% w/w) blends (a) before and (b) after molding. An optimum was observed fdvl,, = 50 000 in a 20% (w/w)
TPVA/WG blend, which improved the fracture strength by 76%
For the blends, a possible difficulty in interpreting the SE- and elongation by 80% while increasing modulus by roughly
HPLC data could arise if the signal due to wheat protein and 25% above that of WG. Similar improvements in mechanical
dissolved polymer cannot be differentiated. However, control properties were reported previously using a three-arm, thiol-
UV absorption experiments reveal that, at 210 nm (the SE-HPLC terminated poly(ethylene oxidel(, = 1247) to modify WG3
detector wavelength), the UV absorption of WG is about 140  In contrast with the previous results using the trithiol additive,
times stronger than that of PVA per unit mass. While the UV the water absorption of TPVA/WG blends increased well above
absorption of TPVA was not determined, the low degree of the water uptake by either WG or TPVA alone. This nonideal
thiolation (~5%) will not strongly affect the absorption results behavior is not well understood, but probably indicates that the
since the ester and the thiol groups are not very strong UV TPVA/WG blend is cross-linked at a level less than or equal to
chromophores. Thus, the data discussed below refers almosthat of WG and may contain complex morphology, including
exclusively to wheat protein. interactions of TPVA with the polysaccharide domains of WG.
Before molding, both blends contain a large fraction of Accordingly, SE-HPLC chromatograms of SDS-extractable
extractable low molecular weight protein subunits, especially proteins from compression-molded bars of WG and TPVA/WG
for TPVA/WG. The reduced extraction of high molecular weight blends are virtually identical, supporting this assertion. Previ-
protein and increased extraction of low molecular weight protein ously, the trithiol/WG blend absorbed only half the water of
from the TPVA blend indicates some reduction in the protein pure WG, and SE-HPLC indicated that the trithiol promoted
disulfide bonds and thus conversion of some of the polymeric cross-linking in the WG blend upon compression molding.
gluten to lower molecular weight subunits. This change in However, previous experiments were carried out with Amylum
molecular weight distribution and increase in extracted material WG (Aalst, Belgium), while current data refer to Arrowhead
versus WG or PVA/WG is consistent with rheology data, Mills WG (Hereford, TX).
indicating disulfide bond reduction. The total protein extracted  Improvements in WG blend properties have been achieved
from the TPVA/WG sample increased by 39% over that with two thiolated additives, but apparently by different mech-
extracted from the WG sample, as measured by the area undeanisms. It is possible that TPVA forms a microphase-separated
the chromatogram from 10 to 20 min. blend, with the thiol groups compatibilizing the polymer with
After molding, as expected because of the temperature-the protein. A detailed characterization of the morphology of
induced cross-linking reactiof,the fraction of extractable = PVA/WG and TPVA/WG blends is currently in progress. CDV

|
ca PVAW I
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Signal
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