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ABSTRACT: Glass transition of thermo-molded biomaterials made from wheat gluten and its main protein classes is studied by

dynamic mechanical analysis (DMA). The materials are plasticized with variable contents of glycerol (30–40 wt %) and water (0–20

wt %). For all materials, three successive relaxation phases are systematically detected. Their positions shift to lower temperature as

the plasticizer content of materials increases. Composition in gluten, glycerol and water of each relaxation phase is estimated using

the Couchman-Karasz model. Irrespective of the plasticizer content or composition, the relaxation phases shows rather constant plas-

ticizer volume fractions. The low-, middle-, and high relaxation phases include respectively around 30, 60 and 80 vol % of gluten

protein. These relaxations are assigned to the segmental motion of the surface amino-acid side groups, to the collective motion of

packed gluten proteins, and to the gain in protein conformational mobility as a 2D network of interacting plasticizer molecules

forms. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43254.
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INTRODUCTION

The use of polymers from renewable resources is often presented as

a way to decrease the consumption of ordinary petroleum-based,

non-biodegradable plastics, and to reduce the environmental foot-

print of manufactured products. Different types of biopolymers can

be extracted from a wide variety of agricultural, forestry or marine

products.1,2 Plant proteins, such as wheat gluten (WG), soy protein

isolate or zein, constitute a class of interest for material applica-

tions, because they are available in large amount, as by-products of

wheat, soy and corn refining industries respectively, and still don’t

have many industrial applications.3 These protein sources can be

processed into materials, and several recent reviews summarize their

main properties.3–5 WG is, together with soy protein isolate, the

one that has retained the most attention, and constitutes the pur-

pose of this study.

Like most biopolymers, proteins bear high amount of pendant

hydrogen donor or acceptor groups, such as hydroxyls, amino

or carboxyl groups, which allow the formation of inter- and

intramolecular hydrogen bonds. The latter contributes to their

folding stability whereas the complementary hydrogen-bonding

groups on biopolymer surfaces promote self-assembly and con-

fer additional rigidity. WG includes two main protein classes,

gliadin and glutenin, which share similar amino-acid composi-

tion but differ in molecular size.6 Gliadins, which typically

account for 40 to 50 wt % of gluten, consist of a blend of

monomeric polypeptides, whose molar masses range from

30,000 to 80,000 g mol21.7,8 Glutenins result from the concate-

nation of several polypeptides (i.e. subunits), through inter-

chain disulfide bonds. Glutenin size distribution is quite large,

from 100 000 to several millions g mol21.8–10 Despite their very

large difference in molecular size, the glass transition tempera-

ture of dry gliadin and glutenin estimated from DSC analysis

were reported to fall within the same range from 138 to

1458C11,12 or 162 to 1738C.13

Processing proteins above their glass transition temperature is

impossible because irreversible degradation of amino-acid side

chain sharply rises above 2008C. To overcome this limitation,

plasticizers are used. The purpose is to reduce the polymer–
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polymer inter-chain interactions, by replacing them by

polymer-plasticizer interactions. This results in enhanced chain

mobility, and lower Tg.
14,15 Plasticizers strongly impact the

physical properties of the polymers around the ambient temper-

ature: the rigidity and the mechanical strength are reduced,

whereas the ductility is enhanced.16–19 Water sensitivity and gas

permeability are also affected.18–20

The plasticizer performance depends on a right balance between

its capability to reduce the Tg of the polymer phase while being

chemically compatible with it. Chemical compatibility with

polymer chains prevents for phase segregation and guarantees

plasticizer long term action. Many parameters can influence it,

such as the chemical composition and structure of the plasti-

cizer, its molar mass, or its polarity.14,15 As for most biopoly-

mers, the plasticization of WG can be achieved by using

molecules able to form hydrogen bonds.21 Polyols are routinely

used (glycerol,21,22 sorbitol,22 1,4-butanediol,21 ethylene or pro-

pylene glycol and their oligomers, di- and triethanolamine23. . .),

but some studies also investigated the effectiveness of e.g., lactic

acid,21 fatty acids or amide compounds.24

Because of its high content in hydrophilic groups, WG is effi-

ciently plasticized by water and very sensitive to moisture

changes. The water retention capacity of WG materials is fur-

ther enhanced in the presence of hydrophilic plasticizers.19

When stored in moist environments, glycerol-plasticized WG

materials are in fact ternary blends of glycerol, gluten and water.

To understand the plasticization of WG by glycerol, it is thus

necessary to study the co-influence of both water and glycerol.

Two main approaches can be used to measure the glass transi-

tion of polymeric materials. Differential scanning calorimetry

(DSC) gives the true glass transition temperature Tg, identifiable

as a change in the slope of the heat capacity vs. temperature.

Dynamic mechanical analysis (DMA) gives on the other hand a

dynamic transition temperature, based on the evolution of the

complex modulus with the temperature, rigorously denomi-

nated as Ta. However, the Ta can also be considered to represent

the glass transition, and it is quite common in the literature to

discuss glass transition data based on DMA experiments.

For miscible binary mixtures of polymer and plasticizer, the Tg

of the blend varies with the plasticizer content in a monotonic

manner, predictable through established models. Hence, the

Couchman-Karasz (C-K) model allows the prediction of the

glass transition temperature of blends of known composition,

from the specific Tg and changes in heat capacity (DCp) of the

components.25 The model still applies for ternary mixtures

involving two different plasticizers.26,27 C-K equation is well

adapted to predict variation of the Tg of biomaterials including

hygroscopic plasticizers like polyols. It is traditionally admitted

that multiple glass transitions refer to the separated phases

coexisting in non-miscible polymer and plasticizer blends. How-

ever, multiple glass transition would also reflect distinct local

environments of more or less mobile (i.e., plasticized) molecular

clusters, either rich or poor in one of the system components.

Thermal processing of WG into materials induces drastic

changes in the proteins organization: glutenin polymers are

highly sensitive to thermal denaturation above 608C which leads

to their assembly into disulfide bonded aggregates. Gliadins,

lacking free thiol groups, are less prone to aggregation through

thiol/disulfide exchanges.28–30 However, during thermal treat-

ment gliadin interact with glutenin, and both gluten protein

classes become strongly insolubilized by thermal treatment.31,32

How the plasticizer content impacts gluten protein crosslinking

remained poorly documented, but it is admitted that glycerol

content around 30 wt % allows the production of materials

showing good mechanical strength at room temperature.

In this study, we prepared materials based on WG and its differ-

ent protein classes, using various amounts of glycerol as plasti-

cizer. Storage of the films at different relative humidities (RH)

resulted in different effective water contents, and the thermal

relaxation of the materials was evaluated using DMA. The aim

is to evaluate the co-influence of glycerol and water on the

complex shape of the tan d curves measured by DMA, and to

give new insights on the dynamical heterogeneities of gluten-

biomaterials plasticized by a blend of hydrophilic plasticizers.

EXPERIMENTAL

Materials

WG was supplied by Tereos Syral (Marckolsheim, France). Its

moisture content, measured after 24 h drying at 1058C, was

12.4 wt %. Glycerol (reagent grade,> 99.0%) was purchased

from Sigma-Aldrich and used as received.

Fractionation of Wheat Gluten

The fractionation of WG into gliadin- and glutenin-rich frac-

tions has been conducted according to Chen et al.33 Briefly,

36 g pre-dried WG was suspended overnight in 180 mL ethanol

solution (70 vol %) at room temperature. The soluble and

insoluble fractions were separated by centrifugation. The insolu-

ble fraction was re-suspended in fresh ethanol solution and

treated as before. The soluble fractions from both extractions

were combined, evaporated to dryness in a rotary evaporator,

washed with water and freeze-dried to yield the gliadin-rich

fraction. The insoluble fraction was washed with water and

freeze-dried to yield the glutenin-rich fraction.

Characterization of Protein Fractions

The nitrogen content was obtained by elementary analysis, per-

formed at Service Central d’Analyse (CNRS, Villeurbanne, France).

The protein content was then obtained as N (wt %) 3 5.7.

The starch content was measured by spectrophotometric titra-

tion using I2 as complexing agent, as described by Jarvis and

Walker.34

The gliadin and glutenin content of the samples were deter-

mined by size exclusion high performance liquid chromatogra-

phy (SE-HPLC). The samples were prepared as described by

Domenek et al.35 Briefly, the samples were first extracted in the

presence of a surfactant, sodium dodecyl sulfate (SDS), resulting

in the solubilization of monomeric gliadins and part of the

polymeric glutenins. Then, a second extraction is performed by

adding dithioerythriol (DTE), a reducing agent able to disrupt

the disulfide bonds and to solubilize the resulting glutenin

subunits.
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The extracts were further injected on a SE-HPLC system

equipped with an analytical column TSK-G 4000-SWXL (7.8 3

300 mm, Tosoh Biosep), coupled to a guard column TSK

SWXL (6 3 40 mm, Tosoh Biosep). They were eluted at room

temperature by pH 6.9 phosphate buffer containing 0.1 wt %

SDS, at 0.7 mL min21. The proteins were detected by UV

absorbance at 214 nm.

The chromatogram of the first extract is divided into five frac-

tions, according to Morel et al.,29 and the areas are quantified.

The gliadin content can be obtained as the area of the fractions

F3 to F5, whereas the glutenin content is obtained by adding

the area of fractions F1 and F2 to the total area of the chromat-

ogram of the second extract.

Elaboration of Materials

The protein powder (gluten, gliadin- or glutenin-rich fraction)

was first mixed with glycerol (30, 35 or 40 wt % based on total

dry weight) in a two-blade counter-rotating batch mixer, turn-

ing at 3:2 differential speed (Brabender, Duisburg, Germany).

Mixing was performed for 15 min, at a mixing speed of

100 rpm and a regulation temperature set at 708C. The use of a

70–808C regulation temperature range was found to limit the

induction period needed to develop a cohesive WG-glycerol

material in 3:2 batch mixer.36 Glycerol was first introduced into

the chamber, as it provides more homogeneous blends.

The blends were then thermo-molded in a heated press (Carver

laboratory press, Carver Inc, Menomonee Falls, WI) at 1208C.

Approximately 4 g of polymer blends were placed between two

aluminum sheets in a rectangular mold (8 3 4 cm2) for 10 min

without pressure followed by 3 min under 15 MPa of pressure.

They were then removed from the mold and cooled at ambient

temperature. The resulting films were about 0.5 mm thick.

Water Vapor Sorption Analysis

WG powder and square samples cut from the films (approxi-

mately 1 3 1 cm2) were first conditioned into a desiccator con-

taining silica gel at room temperature until constant weight was

reached (about 3 days). After the measurement of the initial dry

weight (Wi,) three replicates per sample were stored at 208C

into desiccators containing saturated salt solutions of CaCl2,

K2CO3, NaBr, NaCl, KCl and K2SO4 producing relative humid-

ity respectively of 35, 43, 58, 75, 88, and 98%.37 When equilib-

rium was reached after two successive equal weighings (about 1

week), the equilibrium weight (Weq) was measured. After equi-

librium, the samples were dried again over silica gel and the

final weight (Wf) was measured. The water content mw was cal-

culated as:

mw wt %; wet basisð Þ5100 3
Weq- Wf

Weq

(1)

At high relative humidity (88 and 98% RH), droplets resulting

from water condensation or plasticizer exudation were found on

the surface of the films. Therefore, the surfaces were carefully

wiped with absorbing paper before measuring the film mass. In

consequence, Wf was found lower than Wi, as a result of a loss

of glycerol, rising doubt on the accuracy of the material water

determination above 88% RH.

Dynamic Mechanical Analysis (DMA)

Prior to the analysis, the samples were equilibrated at 0, 43 or

75% RH. DMA was performed on a RSA II Solids Analyzer

(Rheometrics) testing machine in tensile mode at a frequency of

1 Hz with 0.01% strain amplitude. Analyses were performed on

rectangular samples from 290 to 1508C at a heating rate of

38C/min. The samples dimensions were measured each time

with a caliper on five different points (approximately 20 3 10

3 0.5 mm3). Storage modulus (E0), loss modulus (E00) and tan

d (5E00/E0) were continuously recorded during the experiment.

Each sample was analyzed in triplicate.

RESULTS AND DISCUSSION

Characterization of WG and Its Fractions

The protein content of the initial WG has been found to be

76.4 wt % on dry basis, a value in the range of other literature

data.38,39 Among those proteins, 56 wt % are gliadins and 44 wt

% are glutenin (Table I). The residual starch content is quite

high (19.4 wt %). The remaining material is most likely to be

lipids, whose amount in WG is usually around a few percent.

The results of the fractionation of the initial WG into gliadin-

rich and glutenin-rich fractions are reported in Table I. The

total mass recovery after fractionation is only 80 wt %, because

of losses of soluble material during the washing steps with

water. The gliadin-rich fraction contains 85.2 wt % gliadins and

negligible amount of starch, while the glutenin-rich fraction is

composed of 63.1 wt % glutenins, and still contains 7.5 wt %

starch. Most of the starch initially present in gluten has thus

been lost during the washing steps of the protein fractions.

Influence of Glycerol on the Water Vapor Sorption of WG

Materials

Water vapor sorption isotherms of the native gluten and WG

materials including variable glycerol contents are presented in

Figure 1. As glycerol is a very hydrophilic compound, its incor-

poration into the materials leads to an increase in the amount

of absorbed water compared to the native gluten.19,20,40 The

addition of hydrophilic plasticizers to biopolymers has been

Table I. Composition of the Protein Samples (Dry Basis)

On total weight On protein weight

Yield (%) N (%) Protein (%) Starch (%) Gliadin (%) Glutenin (%)

Gluten – 13.4 76.4 19.4 6 0.4 56.0 44.1

Gliadin-rich 23.7 6 3.6 14.5 82.7 1.6 6 0.2 85.2 14.8

Glutenin-rich 56.3 6 2.0 13.6 77.5 7.5 6 0.2 36.7 63.1
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shown to influence the water vapor sorption in two stages.41,42

Low amounts of plasticizers (< 10–20 wt %) occupy the first

hydration shell of the biopolymer, thus competing for water

sorption at low RH. This is typically the case for carbohydrate

and protein-based biomaterials including less than 20 wt %

glycerol which showed reduced water absorption.41,42 For higher

amounts of plasticizers, as it is the case in this study, the water

vapor sorption increases with the plasticizer content, because

the plasticizer itself can contribute to water absorption.42

Because the materials include more than 20 wt % glycerol, we

hypothesized that gluten and glycerol contribute independently to

the moisture sorption. Taking into account the moisture sorption

behaviors of native gluten measured in this study and literature

data for pure glycerol,43 theoretical sorption values of the materi-

als were calculated considering a simple additive mixing law:

mw; th5 xgly mw; gly1 xglumw; glu (2)

where xgly and xglu represent the mass fractions of glycerol and

gluten in the materials, and mw,gly and mw,glu the absorbed water

by each component at the corresponding RH.

The calculated values, presented as continuous lines in Figure 1,

fit correctly the experimental data up to 75% RH. For

RH� 88%, plasticizer exudation impaired the exact de termina-

tion of the equilibration moisture, causing the observed devia-

tion from the simple mixing rule.

DMA of WG Materials: Influence of Glycerol and Water on

the Glassy and Rubbery Moduli

DMA was performed on materials containing 30–40 wt % glyc-

erol after storage at 0, 43, or 75% RH. Figure 2 represents the

evolution of the storage modulus E0 as a function of the tem-

perature, depending on the glycerol content.

The values of E0 on the glassy modulus were collected, and are

plotted on Figure 3 against the gluten volume fraction of the

Figure 2. Storage modulus E0 of wheat gluten materials plasticized by 30, 35, or 40 wt % glycerol, after storage at 0 (a), 43 (b), or 75% RH (c). [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 1. Water vapor sorption isotherms of gluten materials plasticized

with 30, 35, or 40 wt % glycerol (symbols). Error bars are included in the

symbols. Continuous lines present the fit of the experimental data accord-

ing to a simple mixing law between native gluten (dotted line) and pure

glycerol (dashed line, data from Marcolli & Peter42). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Materials glassy modulus depending on the gluten volume frac-

tion. Glassy modulus was taken at 2808C. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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materials. Important variations are observed according to both

glycerol and water content. It appears that an optimum seems

to exist at about 60 vol % of gluten, where the glassy modulus

culminates. Combination of greater closeness of interacting pro-

tein chains and minimization of void defects results in glassy

modulus optimum. Full gluten plasticization during material

processing is needed in order to obtain a well condensed mate-

rial. In that respect glycerol plays a double role: it acts as a sol-

vent phase allowing the saturation of the dry gluten particles,

and at a molecular level it is going to plasticize proteins, allow-

ing the formation of interactions favoring the material

cohesiveness.

Similarly, the value of E0 on the rubbery plateau was analyzed.

It can clearly be seen from Figure 2 that an increase in the glyc-

erol content lowers the rubbery modulus, as previously reported

by Pommet et al.21 This phenomenon could arise from a simple

“dilution” effect, since the increase in plasticizer causes the vol-

ume fraction of polymer chains to decrease. But polymer con-

centration drop could also negatively impact gluten crosslinking

during processing. Both features might contribute to the

decrease of the gluten material rubbery modulus.31

To clarify this point the rubbery modulus of all materials were

plotted against the total plasticizer (glycerol 1 water) volume

fraction (Figure 4). The “dilution” effect of the plasticizer on E0

modulus can be judged by following the impact of the water

increase within each glycerol series (Figure 4, same symbols,

dotted fitting line). For 35 and 40% glycerol, the rubbery mod-

ulus remains constant with the increase in water content,

whereas it slightly decreases for 30% glycerol, following a power

law with exponent 21.5. At a given RH, the effect of an

increase in glycerol content led to much more pronounced

decays, with power exponents ranging from 24.8 to 25.9 (Fig-

ure 4, continuous fitting line). The stronger influence of glycerol

on the elastic modulus should then be related to a depressing

effect on the protein crosslinking during material thermo-

molding at 1208C.

DMA of WG Materials: Influence of Glycerol and Water on

the Glass Transition

To evaluate the glass transition of the materials at different glyc-

erol and water content, the evolution of the loss factor tan d
with the temperature was considered. Figure 5 shows the tan d
curves measured on the WG materials containing 30–40 wt %

glycerol, after storage at 0, 45 or 75% RH. A global shift of the

curves toward lower temperature is observed when the relative

humidity increases, i.e., when the water content of the materials

is higher, confirming the ability of water to participate in WG

plasticization.22,44,45

The curves of the loss factor tan d present a particular shape,

with two distinct peaks: one around 2608C, the other one at

about 708C. This is characteristic of the coexistence of two

phases inside the materials, each one relaxing at different tem-

peratures,26 a phenomenon already well described in glycerol-

plasticized biopolymers. A transition at low temperature has

already been described with e.g., gluten46,47, soy protein iso-

late,48–51 starch,41,52,53 amylose54,55 and amylopectin,56 or chito-

san,57 using either DMA or DSC. Its appearance was found to

be related to critical glycerol content, e.g. 15 wt % or 25 wt %

glycerol for gliadin58 and soy-based materials,50 respectively. In

consequence this low-T glass transition is assigned to the for-

mation of glycerol-rich domains and interpreted as the evidence

of a low compatibility between glycerol and the biopolymer.46,47

This phase always coexists with another one that relaxes at

higher temperature, and is thought to be composed mainly of

the biopolymer.

On the main peak, a shoulder is visible for all materials except

the dry material containing only 30 wt % glycerol. This kind of

tan d curve shape has been reported several times in the litera-

ture for WG-based materials,46,47,59,60 though without being

clearly discussed. The existence of an intermediate third phase

has been postulated for soy protein and gluten-based materials,

based on the observation of an additional transition close to

08C either by DSC51 or DMA.47 In both cases it was observed

only for hydrated samples, which led the authors to postulate

the occurrence of protein domains that can only be plasticized

by water. Our results are in striking contrast, since this transi-

tion is also observed on anhydrous samples, as long as the glyc-

erol content exceeds 30 wt %.

The positions and heights of the low- and high-T peaks and the

shoulder on the tan d curves are reported as a function of the

water content on Figure 6. Both the low- and high-Tg decrease

when the water content increases. Interestingly, the Tg of the

glycerol-rich phase is independent on the material glycerol con-

tent. Similar observation has been done on glycerol-plasticized

starch, amylose or amylopectine.52,56 This implies that the

glycerol-rich phase has a constant composition, whatever the

total glycerol content. The net increase of the peak area involves

that its volume fraction increases with the bulk water content

[Figure 6(b)].

Figure 4. Materials rubbery modulus depending on the total volume frac-

tion of plasticizer (glycerol 1 water). Data are gathered in series according

to either their glycerol content (symbols shape) or equilibrium moisture

(fillings series) and fitted to power laws. Rubbery modulus was taken at

1208C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4325443254 (5 of 11)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Figure 6. Temperatures of the high- and low-T peaks and the shoulder on the tan d curves (a) and height of the tan d peaks (b) as measured by DMA,

depending on the glycerol (30, 35, or 40 wt %) and water content of the materials. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 5. Loss factor tan d depending on the relative humidity of storage of gluten materials plasticized by 30 (a), 35 (b), and 40 wt % glycerol (c).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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On the other hand, the Tg of the gluten-rich phase depends on

both water and glycerol contents, an augmentation of any of

these inducing a decrease in Tg. Its peak height appears to be

independent on the total glycerol content. When the water con-

tent increases, this peak broadens, causing the peak height to

decrease and reach a plateau value of approximately 0.3.

DMA of WG Materials: Influence of the Type of Protein

Gluten is composed of a complex mixture of two types of pro-

tein, gliadins and glutenins. Confocal microscopy observations

suggested a possible phase separation between them in WG-

based materials.61 Such phase separation could also be responsi-

ble for the complex shape of the tan d curves of the materials,

if both proteins relax at different temperatures.

To question this hypothesis, materials have been prepared using

the gliadin- and glutenin-rich fractions. The DMA curves of

those materials containing 35 wt % glycerol are shown in Figure

7. The behaviors of gluten and glutenin materials are very simi-

lar. Indeed, their compositions are not so different (Table I).

The behavior of the gliadin-rich fraction is on the other hand

very different. The drop in modulus is much more pronounced,

to the extent that the measurement cannot be conducted at

temperatures above Tg. Gliadins are not crosslinked in the

native state, and even though some temperature-induced cross-

linking can take place, materials prepared with gliadins always

have a lower crosslinking density than those prepared with glu-

ten or glutenins.31 It seems here that the materials prepared

with the gliadin-rich fraction are not crosslinked enough to

provide enough mechanical strength above Tg, which explains

that the rubbery plateau cannot be observed.

The low-T peak on the tan d curves is almost unchanged,

because all the materials have the same glycerol content. The

temperature of the main peak is in the same range for all mate-

rials, and the shoulder on the main peak exists for both the

gliadin-rich and the glutenin-rich fraction. The height of the

main peak is much greater for gliadins than for glutenins, but it

only results from the violent drop in E0 modulus caused by the

low crosslinking density of the gliadins. Thus, it doesn’t seem

that the complex shape of the tan d curves can be attributed to

a distinct behavior of the two main gluten protein classes, glia-

din and glutenin. It is more likely to result from a complex dis-

tribution of the plasticizer inside the materials, as will be

discussed below.

Phase Separation and Multiple Relaxations in Glycerol-

Plasticized WG

If the existence of several phases in plasticized WG is well estab-

lished, their composition has never been discussed in details.

Here, we estimated the composition of both glycerol- and

gluten-rich phases, using Couchman-Karasz (C – K) equation.25

We first limited to the case where the system is only bi-

component, i.e., to dry samples only containing glycerol and

gluten. C–K equation is widely used to evaluate the glass transi-

tion temperature of a mixture of polymers, or polymer and

plasticizer. It relates the observed Tg of the blend to the glass

transition and heat capacity increment of the individual compo-

nents, Tgi and Dcpi
25:

Tg 5
x1Tg1Dcp11x2Tg2Dcp2

x1Dcp11x2Dcp2

(3)

with subscript 1 and 2 referring respectively to gluten and

glycerol.

The individual glass transition temperatures can be measured or

taken from the literature. The measurement of the Tg of the

blend over a wide range of composition allow to determine the

Dcpi, by fitting the data. This approach allowed Pouplin et al.22

and Kalichevsky et al.62 to obtain a value of Dcp equal to 0.40

for WG. The same value was later obtained by van der Sman on

numerous biopolymers.63

Accounting that both Tgi and Dcpi are known, and that x2 5 1 –

x1, the measurement of the Tg of a phase can then allow to cal-

culate its composition, by a rearrangement of C – K equation:

x15
Dcp2 Tg2-Tg

� �

Dcp2 Tg2-Tg

� �
-Dcp1 Tg1-Tg

� � (4)

This calculation has been used to evaluate the composition of

the glycerol-rich and gluten-rich phases of the dried materials.

In the presence of water, the extended C–K equation can be

used, to take into account the three components of the

system26,27:

Tg 5
x1Dcp1Tg11 x2Dcp2Tg21 x3Dcp3Tg3

x1Dcp11 x2Dcp21 x3Dcp3

(5)

with the additional subscript 3 referring to water.

Considering that the simple additive mixing law applies within

the RH range studied, the water content x3 can be written as:

Figure 7. Storage modulus E0 and loss factor tan d of protein materials

plasticized by 35 wt % glycerol after storage at 43% RH. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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x35 ax11 bx2 (6)

where a and b respectively represent the water absorption of

native gluten and pure glycerol at the corresponding RH.

Equation (5) can then be rewritten to calculate the phase com-

position in presence of water:

x15
A Dcp2 Tg 2 Tg2

� �
1 BDcp3 Tg 2 Tg3

� �� �

Dcp1 Tg1 2 Tg

� �
2 BDcp2 Tg2 2 Tg

� �
1 B 2 1ð ÞDcp3 Tg3 2 Tg

� �

(7)

with A 5 1/(11b) and B 5 (11a)/(11b). In the absence of

water, a 5 b 5 0, hence A 5 B 5 1, and eq. (6) reduces to eq.

(3). For glycerol and water, Dcp and Tg were respectively taken

as 0.88 and 1.94 J g21 K21, and 180 and 134 K.22,64

The mass fractions xi calculated with eqs. (5) or (7) was subse-

quently converted into volume fractions vi using densities of

1.31, 1.26 and 1 for gluten, glycerol and water respectively, and

compiled in Table II.

The glycerol-rich phase presents a very low protein volume frac-

tion (30–35 vol %), which as showed by the linear regression in

Figure 8 significantly tends to increase with the bulk water con-

tent of the materials (Pearson p-value 0.009).

Relationship in Figure 8 demonstrates that the glycerol-rich

phase significantly grew denser while the bulk water content of

Figure 8. Evolution of the volume fraction of gluten (vglu) in the different

phases with the material water content, as a function of the glycerol con-

tent. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]T
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the materials increases. Indeed, the replacement of glycerol by

smaller water molecules (about 30 Å3 against 121 Å3) in the

vicinity of the protein causes the protein chains to become

more densely packed.

The low protein volume fraction suggests that the first thermal

relaxation could correspond to the vibrational and rotational

motions of the side groups of the amino-acids located at the

vicinity of the protein surface. Most of the side groups protrud-

ing from the protein surface strongly interact through H-bonds

with plasticizer molecules. In the context of water vapor sorp-

tion, the first hydration layer composed of water molecules

directly H-bonded to the surface polar groups of proteins com-

monly accounts for 0.3–0.35 g water/g protein.65 For protein in

water solution, the hydration shell extends to several molecular

layers of water, so that 1 g of protein is being more or less

slaved to 1–1.2 g of water.66 Long-range interactions between

proteins and their collective behavior derived from the presence

of the hydration shells. As the material temperature raises, den-

sity fluctuation of plasticizer molecules increase and coopera-

tively trigger that of the polar groups they are connected to.

The intermediate tan d peak corresponds to a phase packed at

59 6 2 vol %. This value is close to the bulk gluten volume frac-

tion leading to the highest vitreous elastic modulus (Figure 3).

On a macroscopic scale, the relaxation of the intermediate

phase coincided with an E0 modulus drop by 10 decades, attest-

ing for its strong implication in the glass to rubbery transition

of the bulk materials. In addition, the prevalence of the inter-

mediate phase was relatively more important for glutenin-based

materials than for gliadins (Figure 7). It is well established that

glutenin polymers are the most reactive during thermal treat-

ment: they aggregate through disulfide inter-chains cross-links

before gliadins, which, in turn, became linked to the latters.35 It

thus seems that the intermediate relaxation arises from the

cooperative and collective motions of proteins optimally packed

at 60 vol %, and permanently connected by disulfide cross-

linking. More than 30 vol % of plasticizer was compulsory for

observing the relaxation of this protein phase at intermediate-

temperature.

The third transition corresponds to a highly packed protein

fraction, from 74 to 83 vol % (Table II). At the highest RH

studied and on a mass basis, this phase includes more water

than glycerol. Following the argument developed by Copolla

et al.67 and more recently by Van der Sman,63 we hypothesized

that 0.66 mol glycerol will be as effective as 1 mol water to plas-

ticize protein, since glycerol possesses three OH groups while

water can be viewed as bearing two equivalent OH groups, con-

sidering the ubiquitous H-bonding capability of its two hydro-

gen atoms. In terms of mass, this corresponds to consider 3.4 g

glycerol to be as effective as 1 g water. Assuming this equiva-

lence between both plasticizers, we calculated the equivalent

weight of water that would account for the plasticizers effect of

both glycerol and water. On average, it leads to a water-to-

protein ratio of 0.117 g/g. This amount is larger than the first

monomolecular water layer interacting with the protein back-

bone (0.045 g/g), and could coincide to the 2D percolation

transition of the water molecules involved in the first layer of

the protein hydration shell. Such percolation threshold was

detected for several globular proteins within the range of 0.13–

0.18 g of water per g dry protein.68,69 Local percolation of the

water molecules interacting with the polar groups of the protein

surface would trigger protein segmental movements and would

allow for protein conformational mobility.

We can resume our findings considering the exemplary behavior

of the dry material including only 30 wt % glycerol. At this glu-

ten - glycerol mass ratio, the protein volume fraction is high, a

situation which favors the formation of permanent disulfide

cross-links during material processing. On the other hand, the

plasticizer content would be too low to insure the saturation of

all the WG proteins at the previously discussed optimal packing

volume fraction of 60 vol %. The material would present inter-

nal defects in the form of nanoscopic to microscopic voids that

are going to weaken the glassy modulus. Nevertheless, at 30 wt

% glycerol, there would be enough plasticizer to insure the 2D

percolation of most of the protein solvation shells and to allow

the filling of some of the nanoscale voids. Material mechanical

relaxation will thus involve only two processes. At the low-

temperature side the glycerol molecules gathered within the

voids will be the first to experience collective dynamic motion.

Through long-range interactions they will trigger vibration and

bending motion of the amino-acid side-groups located at their

vicinity. Because of the limited amount of glycerol, the satura-

tion of the protein aggregates packed at 60% will not be possi-

ble. In the absence of the liquid diluent phase, compulsory for

the onset of the collective diffusional motion of gluten aggre-

gates, no distinct intermediate relaxation process will be

recorded. Instead, and at the upper-temperature side, a mechan-

ical relaxation peak driven by a 2D network of plasticizer mole-

cules H-bonded to the protein surface and related to the

conformational mobility of the protein is recorded.

CONCLUSIONS

The multiple relaxation peaks observed in tan d curves point to

a hierarchical organization of plasticizer molecules. Plasticizers

play a crucial role for triggering the dynamic relaxation of pro-

tein at different scales. The low-temperature side transition

would correspond to a transition mainly involving plasticizer

molecules H-bonded to the protein surface and gathered into

nanoscale voids. The higher temperature relaxation process

would reflect the conformational mobility of the protein trig-

gered by a 2D network of interacting plasticizer molecules

located at the surface of the protein. The intermediate relaxa-

tion process would emerge above critical plasticizer content,

higher enough to saturate clusters of strongly interacting pro-

teins. In that case it relies on their collective diffusional motion.

ACKNOWLEDGMENTS

This project was conducted thanks to a grant from la R�egion
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