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Physicochemical properties of gliadin in different solvents (dimethyl sulfoxide (DMSO), H2O,
and aqueous ethanol) and pH (9.8, 6.8, and 1.2) were investigated using dynamic light scattering
(DLS), zeta potential (ZP), and attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR). Gliadin-DMSO and gliadin-deionized water (H2O) (pH 9.8) showed a lower size
distribution, whereas samples solubilized in 60% aqueous ethanol presented a lower size distribution
only at pH 1.2. ZP analysis showed that gliadin-H2O (pH 9.8) was the most stable evaluated system.
ZP results of gliadin-DMSO indicated an unstable system, with the coexistence of several protein
conformations. ATR-FTIR analysis showed that, in H2O, most protein conformations were β-sheets,
while in DMSO a band at 1660 cm−1 appeared to be related to protein unfolding. The techniques
proved to be effective in monitoring conformation and stability of all gliadin/solvent systems. Such
information can be used in the development of new gliadin-based materials.
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Introduction
Gliadins are gluten proteins and their functionality
has been a long-standing topic of investigation.1-4 These
proteins, together with glutenins, contribute about 8085% of the total protein in wheat grains.3,5,6 Hydrated
gliadin confers the viscosity and extensibility of gluten,7-11
while hydrated glutenin is both cohesive and elastic and
contributes to elasticity and strength of the gluten.8,9
Gliadins represent up to 40% of wheat proteins.11
Gliadins are heterogeneous mixtures of monomeric
proteins,2 with molecular weights (Mw) ranging from 30
to 50 kDa.12 They have been traditionally divided into
three fractions based on their electrophoretic mobility
at low pH, known as α-, γ- and ω-gliadins.13-15 Another
classification of gliadin is based on an amino acid
sequence analysis, named sulfur-rich (α-, γ-) or poorprolamins (ω-).16 Furthermore, distribution of gliadins
varies depending on the wheat source as well as growing
conditions. Generally, α- and γ-gliadins are the major
components of gliadin, whereas ω-gliadins are found in
lower amounts.14 Moreover, α- and γ-gliadins contain
*e-mail: nadya@iq.ufrgs.br

intrachain disulfide bonds while ω-gliadin lacks cysteine
residues.17,18
The gliadin secondary structure comprises a nonrepetitive domain rich in α-helix and repetitive domains
rich in reverse or β-turns17,19 (in α- and γ-gliadins). Thus,
gliadin presents an overall compact globular structure.20
The ω-gliadins also contain β-turns but only low levels
of α-helices and β-sheets. However, it was later found
that, although α-gliadins have a compact and less regular
structure, γ-gliadins rather form an extended-spiral tertiary
structure. The ω-gliadins presumably adopt a stiff coil
rather than a compact structure.17
Over the last decade, there were considerable advances
in methodologies for the analysis of biopolymers in
solution. It is known, for example, that many proteins
in solution occur naturally and perform their biological
functions. 21,22 However, theoretical arguments and
experimental studies suggest that interactions between
such biomacromolecules and the solvent, depending on
pH, may lead to a re-structuring of the material.23 This
fact can lead to an increase in the particle size through
aggregation. On the other hand, the interaction strength
between the molecules can facilitate a decrease in particle
size, producing folding on itself.24
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Gliadin has unique biochemical and physical properties,
which enable numerous non-food applications,25,26 such as
in edible films, manufacture of packaging, preparation of
nanoparticles for drug controlled release, among others.25,27
Therefore, the study of the molecular conformation,
intermolecular interaction and protein behavior in different
solvents and pH seem to provide valuable information for
understanding the end-use functionalities of gliadins.28
The proteins tend to adopt a structure that minimizes
the overall free energy of the system. There are no kinetic
constraints (energy barriers) that prevent them from
reaching this low energy state, and their morphology
depends on its amino acid sequence, density, refractive
index, size, charge, stability environmental conditions,
pressure, solvents, pH, and ionic strength. So, it is important
to understand the physical properties of proteins. These
factors will determine rheological properties, stability
properties of proteins as a potential biomaterial, and
functional properties of proteins as a potential biomaterial.29
Thereby, in the present study we used dynamic light
scattering (DLS), zeta potential (ZP), and attenuated
total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) techniques to investigate native gliadin
conformations in three different solvents: H2O, dimethyl
sulfoxide (DMSO) and 60% (v/v) aqueous ethanol. The
samples were characterized at pH 9.8 (gliadin dissolution)
and at human physiological pHs 1.2 and 6.8, corresponding
to gastric and intestinal pHs, respectively.30 The aim of
the study in physiological pH is to obtain the mechanism
of the gliadin interaction in the gastro-intestinal tract.
Moreover, the study in different solvents is also important to
evaluate new uses of gliadin in the food and pharmaceutical
industries.

Experimental
Materials

Wheat gliadin samples (crude, a mixture of α-, γ- and
ω-) were purchased from Sigma-Aldrich® (St. Louis, USA)
and used without further purification. DMSO, ethanol,
hydrochloric acid (HCl) and sodium hydroxide (NaOH)
were purchased from Fischer Scientific (Waltham, USA).
Methods
Sample preparation

Three different solvents were employed to dissolve the
gliadin: deionized H2O, DMSO and 60% (v/v) aqueous
ethanol. Samples were characterized at pH (9.8) and
at physiological pHs: 1.2 (gastric) and 6.8 (intestinal).
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Gliadin concentration was based on the corresponding
analysis technique: 100 mg L−1 for DLS and ZP analysis
and 100 g L−1 for ATR-FTIR analysis.
The solutions were kept under magnetic stirring for 36 h
(for samples in DMSO) and 24 h (for samples in 60% (v/v)
aqueous ethanol and deionized H2O), at 50 °C and pH 9.8.
After solubilization, the solution pH was adjusted to 6.8
(intestinal) and 1.2 (gastric) with 1 mol L−1 HCl.
Dynamic light scattering (DLS)

The DLS experiments were performed using a
Brookhaven Instruments spectrometer (USA) (BI200M
goniometer, BIC 9000AT digital correlator) with a vertically
polarized coherent He-Ne laser (λ = 632.8 nm) as light
source. The time-dependence autocorrelation function was
obtained using a multi-τ mode correlator with 224 channels.
DLS measures a time profile of the normalized
autocorrelation function of the light intensity, g2(τ), which is
related to the electric field normalized correlation function,
g1(τ), through the Siergert relation31 g2(τ) = B + β[g1(τ)]2,
where τ is the time delay, β is the coherent factor depending
on the detection optics,31 and B is the measured baseline.32
For a polydisperse sample,33 g1(τ) is expressed as a sum or
an integral over a distribution of decay rates G(Γ) by:
, where Γ is the relaxation
rate.34 Two types of analysis of the correlation functions
were used, inverse Laplace transformation using the
CONTIN algorithm and the cumulants method as will
be further discussed in the text. The decay rates (Γ) are
proportional to q2, D = Γ/q2, where D is the translational
diffusion coefficient. The magnitude of the scattering vector
q is given by: q = 4πn/λosin(θ/2), where n is the solvent
refractive index, q the scattering vector, θ is the scattering
angle and λo the laser wavelength in vacuum.31,35 The
hydrodynamic radius Rh (or hydrodynamic size, Dh) was
obtained via the Stokes-Einstein equation: Rh = kBT/6πηD,
where kB, T, and η are the Boltzmann constant, the absolute
temperature and the solvent viscosity, respectively.31,32
Polydispersity index (PD.I) was calculated using the
cumulants method. PD.I describes the amplitude of the
size distribution and was calculated according to equation:
PD.I = µ2 / 〈Γ〉2, where μ2 is the variance of distribution.35,36
The scattered light was analyzed after placing the sample
into dust free cuvettes which were placed in the indexmatching liquid decahydronaphtalene (Aldrich, St. Louis,
USA). All measurements were made in duplicate at 24 °C
and at a 90° scattering angle.
Zeta potential (ZP)

The ZP was measured by microelectrophoresis with
a Brookhaven Instrument’s ZetaPlus (USA) (software
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ZetaPals). The ZP was calculated using the Smoluchowski
equation from the electrophoresis mobility and electric field
strength. ZP was determined at different solution pH. The
value was recorded as the average of five measurements
and the values reported are the mean ± standard deviation
at room temperature.
Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

For the ATR-FTIR experiments, the samples in solution
were cast onto Petri dishes and thin films were obtained.
ATR-FTIR spectra at a nominal resolution of 4 cm−1
were recorded on Bruker Alpha-P Model of Module ATR
with diamond prism (USA). For the secondary structure
studies of the gliadin, the spectra were analyzed by second
derivatization and Gaussian curve fitting in the amide I
region (1600-1700 cm−1)37 using Origin software.38 The
secondary structural content was calculated from the
relative areas of the individual assigned bands in the amide I
region. The relative areas of the components were expressed
as a percentage of the area of each fitted region, which was
equivalent to an area normalization of the amide I band.39
All experiments were performed in quadruplicate at room
temperature.

the results obtained in DLS experiments showed a wide
monomodal Gaussian distribution (Figure 1b), suggesting
the existence of different aggregation structures.
To prove this hypothesis, polydispersity index (PD.I)
measurements were also made (Table 1). The values
found for sample in DMSO were slightly above 0.3
indicating a Gaussian distribution, and a high sample
heterogeneity.40 It is suggested that this fact is due to the
sample homogenization which also affects the PD.I and
this result may also indicate that in this solvent the gliadin
stays in an unfolded conformation. Similar properties were
also observed for the lysozyme protein (globular protein)
in DMSO.41
Table 1. Influence of pH and solvent on the polydispersity index (PD.I)
and, diffusion coefficient (D) of gliadin
Solvent
DMSO

H2O

pH

PD.I

D / (10−8 cm2 s−1)

1.2

0.37 ± 0.01

3.30 ± 0.14

6.8

0.37 ± 0.13

5.37 ± 1.21

9.8

0.40 ± 0.09

6.41 ± 0.57

1.2

0.27 ± 0.07

2.98 ± 0.37

6.8

0.15 ± 0.12

1.98 ± 0.56

9.8

0.28 ± 0.02

7.18 ± 0.03

1.2

0.24 ± 0.04

5.57 ± 1.40

6.8

0.19 ± 0.07

3.40 ± 0.51

9.8

0.26 ± 0.02

5.10 ± 0.40

Results and Discussion

60% (v/v)
aqueous ethanol

Analysis of gliadin conformation by DLS and ATR-FTIR

DMSO: dimethyl sulfoxide.

Figure 1a shows the autocorrelation functions measured
at scattering angle of 90°. A large decay rate was observed
for all solvents. However, samples in DMSO presented
a distinct autocorrelation function when compared to
samples dissolved in water and aqueous ethanol. In DMSO,

For samples in water and aqueous ethanol bimodal
particle size distribution curves were observed (Figure 1b).
It was suggested that the populations will be formed of
monomers and dimers with slightly bigger sizes than
those expected, due to the relaxation of the global protein

Figure 1. (a) Normalized intensity autocorrelation function g2(t), plotted as a function of delay time; (b) relaxation time distribution of gliadin in H2O,
60% (v/v) aqueous ethanol, and DMSO; scattering angle = 90°; pH = 9.8; temperature, 24 °C, measured by DLS. The values are expressed as mean of
three experiments.
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structure. It was suggested that this might be due to an
increase in the random structure and a decrease in α helical
structures.
The diffusion coefficients (D) are also shown in Table 1.
It can be observed that diffusion coefficients were higher
for samples in DMSO and deionized water, at pH 9.8.
According to Stokes-Einstein equation the diffusion
coefficient is inversely proportional to hydrodynamic size.31
Meaning that as the gliadin diffusion coefficient increases,
the hydrodynamic size decreases. Thus, gliadin chains can
diffuse more easily in the solvent.
According to the increase of pH, the folding states of
gliadin goes from coil to an unfolded state, which means
that in higher pH solution the gliadin-solvent interaction is
enhanced, reflected in higher diffusion coefficients.
In order to confirm this behavior, ATR-FTIR analysis
was also performed. According to literature42 the amide I
band is used to determine the secondary structure of gluten
proteins. Firstly, an intense band at 1660 cm−1 was observed
in ATR-FTIR spectrum of gliadin in DMSO at pH 9.8 (data
not shown), which indicates the predominance of β-turn
structure.43 The major predominance of this structure can be
due to the fact that DMSO has a strong acceptor group of
hydrogen bond which can bind to N−H groups, showing a
higher stretching frequency.44 However, at pH 9.8 there is also
a band at 1629 cm−1. This band indicates a β-sheet structure
which was assigned as aggregation or intermolecular
hydrogen bonds.45 This result indicates that the polypeptide
backbone of gliadin is accessible to DMSO, e.g., there are
interactions between the solvent and side chains of gliadin.
This fact was also observed in other studies.46,47
Investigation of the second derivative showed that the
ATR-FTIR bands located at 1600-1609 and 1606‑1611 cm−1
disappeared at pH 1.2 (Figure 2).

Figure 2. Positions and relative areas of the bands fitted to the Fourier
deconvoluted spectra of gliadin in DMSO; temperature, 24 °C.
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These bands originated from the glutamine side chains
(NH2 scissoring band).48,49 The absence of these bands
indicates that at acidic pH, DMSO molecules interact with
glutamine side-chain residues of the gliadin. At pH 1.2, the
carboxylate groups on gliadin are deprotonated. This might
increase the interaction between the protein and DMSO
causing a decrease in the diffusion coefficient.
For samples diluted in water, some changes in the
ATR-FTIR band at 1627-1632 cm−1 (Figure 3) were
observed. This band is related to an extended β-sheet
structure,50,51 characterized by an increase of protein-protein
interaction.27,52

Figure 3. Positions and relative areas of the bands fitted to the Fourier
deconvoluted spectra of gliadin in H2O; temperature, 24 °C.

At pH 1.2, the protonated and unfolded protein structure
leads to closer contact among protein residues. This may be
corroborated to the decrease of diffusion coefficients at low
pH. On the other hand, the results obtained for diffusion
coefficient in 60% aqueous ethanol at pH 1.2 and 9.8 were
similar (Table 1) and shows that gliadin diffusion is easier
under these conditions. In fact, the second derivative spectra
of gliadin in this solvent (Figure 4) showed that at pH 6.8
the secondary structure of gliadin contains 16% of a random
coil and 18% β-sheet structure.
As mentioned in other studies,53,54 these bands are
related to aggregation processes which are accompanied
by changes in conformation and/or structure of the protein.
The increase of these bands can indicate denaturation or
can reflect the disruption of hydrogen bonds within some
secondary structure of gliadin and the formation of new,
stronger hydrogen bonds, associated with aggregation, e.g.,
formation of intermolecular hydrogen bonds.54 Thus, the
increase of the size of these structures are attributed to the
increase of protein-protein interactions between different
gliadin molecules.
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Figure 4. Positions and relative areas of the bands fitted to the Fourier
deconvoluted spectra of gliadin in 60% (v/v) aqueous ethanol; temperature,
24 °C.

Influence of pH and solvent on the hydrodynamic size (Dh)
and zeta potential (ZP) of gliadin

The average hydrodynamic sizes of gliadin in the
different pH and solvents are shown in Figure 5. According
to literature,55 the hydrodynamic size is highly affected by
the protein molecule shape in solution.
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amino and carboxylate groups occurred, decreasing the
repulsive interaction forces and protein-protein interactions,
which consequently decreased the size of the aggregates,
resulting in a more folded molecular structure. On the
other hand, the hydrodynamic size of gliadin is higher at
pH 6.8 indicating that for this pH, the gliadin molecules
are unstable, presenting a tendency to unfold.
Measures of the gliadin hydrodynamic size in aqueous
ethanol were also made (Figure 5). In fact, alcohols are
known to stabilize helical secondary structures, as well
as to destabilize tertiary structures of folded proteins.57,58
These effects may cause the formation of non-native
conformations. A similar situation has been reported in
human serum albumin59 and lysozyme60 (globular proteins).
It is worth mention that the relation between pH and gliadin
conformation in aqueous ethanol solution is not yet reported
in the literature. The results showed that pH 6.8 is able to
destabilize the gliadin secondary structure, giving rise to an
unfolding process of the protein. This process can increase
the protein-protein interaction causing aggregation. In
addition, the increase of attractive interactions over the
hydrophobic interactions can be due to the proximity of the
gliadin isoelectric point (pH 6.8).61,62 Finally, hydrodynamic
sizes of gliadin at pH 1.2 and 9.8 are 32.0 ± 8.3 nm and
34.0 ± 2.6 nm, respectively (Figure 5). Hence, at pHs
1.2 and 9.8, there is a decrease in repulsive interactions,
resulting in a more folded protein structure.
ZP data corroborated these results (Figure 6). The
ZP value measured at pH 9.8 in water was −26.6 mV.
According to the literature, 63 zeta potential values
greater than +30 mV and lower than −30 mV produce
systems that are stable over time. Thus, at pH 9.8, it was
suggested that the gliadin is charged with molecules that
repel one another, thus overcoming the natural tendency
to aggregate.

Figure 5. Hydrodynamic size for gliadin in H2O, 60% (v/v) aqueous
ethanol, and DMSO solvents as a function of pH.

Gliadin molecules in water, for example, existed
as aggregates with hydrodynamic size higher than in
other solvents of this study. These results are similar to
those observed in another study56 for gliadin in aqueous
solvents. Besides this, it was observed that in water the
smallest hydrodynamic size of gliadin was obtained at
pH 9.8 (Figure 5). In conclusion, when the pH increases,
some changes on protonated groups through the peptide
chains are expected. At pH 9.8, the deprotonation of the

Figure 6. Zeta potential measurement as a function of pH for gliadin in
H2O and DMSO; temperature, 24 °C.
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On the other hand, at pH 1.2, the obtained value for
zeta potential was −17.7 mV. According to the literature,64
pH 1.2 is far from the isoelectric point of gliadin (pH 5.76).
At this pH, carboxylate groups on gliadin are protonated
(−COOH) and the amine residues are ionized (−NH3+). The
repulsion between charges of the side chains with the H+
ions induces a partial unfolding of the protein, destabilizing
the peptide-peptide interchain H-bonds.65 This behavior
corroborates to the higher values of hydrodynamic size
and zeta potential values at pH 1.2.
For gliadin in DMSO, a typical behavior can be
observed in Figure 5. It is well known that native folded
structure and function of proteins are significantly affected
by DMSO.66 This solvent can compete and disrupt many
non-covalent interactions, e.g., hydrogen bond, salt-bridge
formation and van der Waals interactions, which stabilize
the protein structure.47
In this study, the DLS results for gliadin in DMSO
showed compact structures with hydrodynamic sizes
between 66 nm (at pH 1.2) and 34 nm (9.8 pH). In pH 9.8,
carboxylate groups (−COOH) are protonated and amine
groups are ionized (−NH3+). There is a positive liquid
charge (ZP = +13.26 mV). When the pH is lower (1.2),
carboxylate groups are deprotonated (−COO−) and gliadin
has a negative charge (ZP = −12.29 mV). This value is
different from gliadin dissolved in H2O, but in the same
pH (+17.7 mV). Negative values of ZP indicated that the
protein changed its conformation. It is suggested that, in
H2O, the hydrophobic residues are now exposed, and this
conformation is considered partially collapsed.
The results showed that the ZP values for gliadin
dissolved in H2O tend to decrease as the pH increases.
Besides, gliadin is more stable when solubilized in water
at pH 9.8. On the other hand, in DMSO, the ZP values are
more unstable, varying from negative to positive value
depending on pH range. We believe that high DMSO
concentration turns the protein structure unstable once the
non-polar lateral chain binds to DMSO. This was observed
in other studies.67,68
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aggregation of gliadin molecules. Although all solvents
employed to dissolve gliadin are polar, the intermolecular
forces may play a major role in ethanol, where the protein
is more folded, when compared to its structure in other
solvents. ATR-FTIR and ZP analysis confirmed the results
obtained above. Our results demonstrated that spectroscopic
techniques, employed together, were effective to monitor
the gliadin chain conformation under different conditions.
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