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Here we showed that gliadin, a complex protein system related to celiac disease and other human dis-
eases, is spontaneously self-organized in a very dilute solution at pH 3.0 and 7.0 in water under low ionic
strength (10 mM NaCl). The spontaneous self-organization at pH 3.0 increases the apparent solubility
due to the formation of finite sized aggregates, such as those formed in the micellization of amphiphilic
molecules. Switching the pH from 3.0 to 7.0 lead to a phase separation, however part of the nano-particles
are stable remaining disperse in water after centrifugation. Also, beside the pH change led to changes
in protein composition and concentration, we determined that the secondary structure of both system
is the same. Moreover, Tyrs are slightly more buried and Trps are slightly more exposed to water at pH
7.0 than those at pH 3.0. Electron microscopy techniques showed that both gliadin systems are com-
posed of nanostructures and in the case of pH 7.0 amorphous microaggregates were found, too. Only
nanostructures at pH 3.0 showed a micromolar binding affinity to Nile red probe, suggesting the pres-
ence of accessible hydrophobic patches which are not more accessible at pH 7.0. All our results suggest
that gliadin is able to self-organized at pH 3.0 forming protein micelles type nanostructures ({=+13,
42 +1.55mV), meanwhile at 7.0 the decrease of superficial charge to { of +4, 78 +0.48 mV led to the
formation of stable colloidal nanoparticles, unable to interact with Nile red probe. Our findings may open
new perspectives for the understanding of gliadin ability to avoid proteolysis, to reach and cross the
intestinal lumen and to trigger different immunological disorders.

© 2016 Elsevier B.V. All rights reserved.
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pH 5.0 in 0.01 M acetic acid and 0.005 of ionic strength has been
reported [G]. Indeed, its low solubility in water has been used to
synthetize gliadin nanoparticles and nanocapsules for drug deliv-
ery, mainly from gliadin extracts in ethanol/water (70/30) obtained
by desolvatation methods [7-9]. Recently, o, 3 and y-gliadin were
extracted from wheat dough in water by NaCl gradients [10]. On

1. Introduction

Gliadin is a complex protein mixture present in wheat, rye and
barley which is not fully degraded by humans [1]. It is composed
of different fractions which can be classified into four groups: the
w gliadin (72 and 80KDa) that cannot be further reduced; and «,

B (33, 34, 35, 41, 43 and 47KDa) and vy-gliadin (49 and 57 KDa)
which are reduced to polypeptides of slightly lower electrophoretic
mobility than their precursors [2]. Early reports have shown that
gliadin, as the whole mixture, is soluble in alcohols but the sol-
ubility in water is low [3]. Thus much effort has been done to
increase gliadin water solubility in order to isolate and character-
ize different gliadin isoforms [3-5]. In some cases, the formation of
self-assembled complexes, like nanofibrils of a-gliadin in water at
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the other hand, it is known that gliadins and some of its proteolytic
resistant peptides are responsible for immunological diseases [11].
The most known gliadin related disease is celiac disease which is
a complex immunological disorder with a prevalence of 1% among
the healthy population [12,13]. Recently, a new pathology named
gluten sensitivity has been described, showing higher prevalence
than celiac disease, an estimated 7% of the total population [13,14].
Up to now, the only treatment for both pathologies is a gliadin-free
long-life diet [15].

Despite intensive studies, the primary mechanism by which
gliadin and its proteolytical resistant fragments cause immunolog-
ical imbalance and disease still remains to be elucidated [12,15].
Recently, the self-assembly capability of gliadin immunogenic
peptide known as 33-mer was reported, under physiological rel-
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Fig. 1. (A) SDS-PAGE of Gliadin system at pH 3.0 (lane 2) and after pH 7.0 was reached (lane 3). Fibrinogen was used as molecular weight marker (lane 1); B) UV-vis Spectra
of gliadin systems at pH 3.0 (A) and after pH 7.0 was reached (M); (C) Second derivate of UV-vis spectra of gliadin systems at pH 3.0 (A) and 7.0 (W) showing the region
between 280 and 292 nm (Tyrosine and tryptophan absorption sensible range). (D) Normalized fluorescence emission spectra of gliadin systems and the corresponding
second derivative spectra at pH 3.0 (A) and 7.0 (B). Measurements were performed exciting samples at 295 nm at 25°C.

evant conditions [16]. A conformational equilibrium toward a
beta-parallel structure was reported in the case of 33-mer [17].
Importantly, the beta parallel sheet is a structural signature
for other protein related diseases like Alzheimer’ s disease and
Parkinson’ s disease [18]. Considering the direct association of
gliadin protein and some immunological disorders, we envisaged
the importance to understand gliadin self-organization capabil-
ity in water under gastrointestinal (GI) environment conditions.
Recently, the mammalian GI tract parameters which modulate the
absorption of food relevant nanomaterials have been reported. It
has been shown that pH is one of the most important parameters,
varying from pH 2.0 to pH 8.0 [19]. Initially, saliva has a neutral
value of 7.0. Although the pH in the stomach can be as low as 1, food
induces a buffered effect, showing values in the range of 2.0-6.0.
Finally, in the small and large intestine lumen the pH ranges from
5.0 to 8.0. In addition, it is well described that gliadin is not fully
degraded in the stomach nor in the duodenum environment and
that all the immunological experiments has been done in water
with the soluble fraction of gliadin at pH 7.0 [1,12,20,21]. Here,
we evaluated gliadin water soluble fraction at relevant physiolog-
ical pH such as 3.0 and 7.0 at 10 mM NaCl. The physico-chemical
evaluation was done by spectroscopic experiments such as UV-vis,
Fluorescence, and circular dichroism in combination with { poten-
tial measurements and morphological characterization by SEM and
TEM. Finally, Nile red experiments revealed that the nature of both
gliadin self-organized systems is different. Altogether, our findings
showed that gliadin is spontaneously self-organized into micelles

type aggregates at pH 3.0, meanwhile although at pH 7.0 an initial
phase separation occurrs, gliadin colloidal nanoparticles are stabi-
lized after centrifugation, probably by H-bonds between gliadin’s
exposed amino acids and water.

2. Materials and methods
2.1. Sample preparation

Wheat gliadin was purchased from Sigma-Aldrich. A solution of
gliadin 1.0 mg/ml was prepared in 0.001 M HCI, NaCl 10 mM, pH 3.0.
MilliQ water filtered through Nylon 0.2 wm membrane was used
to prepare all the solutions. Gliadin solution was homogenized at
room temperature, stabilized by 12 h at 10°C and centrifuged at
1288 g. Finally, supernatant was separated in two aliquots. One
of them was brought to pH 7.0 with 0.1M NaOH (2 pL) when
needed adjustment has been done by 0.001 M HCI. After pH 7.0
was reached, phase separation occurred. Both gliadin systems,
at pH 3.0 and 7.0 were centrifuged at 21130g for 15 min and
supernatants were collected. By Bradford assay, the soluble con-
centration of gliadin at pH 3.0 and 7.0 was calculated as 0168 mg/ml
and 0065 mg/ml, respectively. All experiments were performed
with visible clear solutions at 25 °C. Both colloidal suspension were
stable in our measurement time scales (up to 24 h). The above men-
tioned protocol was established to obtain reproducibility between
protein batches.
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Fig. 2. EM microphotographs of gliadin system at pH 3.0, NaCl 10 mM. (A) TEM image of the particles deposited on a Formvar grid and a zoom the nanostructures observed.
(B) Zoom of a region of image A, showing the local arrange of the particles. (C) Diameter Distribution of the particles observed in image A. (D) SEM Images showing the fractal

arrange of gliadin nanostructures on a glass surface.

2.2. Characterization of gliadin composition by SDS-PAGE

Soluble gliadin fractions were identified by SDS-PAGE: 15 g
of gliadin solutions pH 3.0 and 7.0 were prepared in Laemmli
buffer (1.5M Tris pH 6.8, 20% SDS, 10% 2-ME, 20% glycerol, 2% Bro-
mophenol Blue) and electrophoresed on 8% gel at 150V for 1.5h.
Fibrinogen was used as molecular weight marker showing 3 bands:
o of 65KDa, 3 of 55KDa and vy of 47KDa [22]. At the end of the
experiment, protein bands were visualized by a standard silver
staining.

2.3. UV-vis spectroscopy

UV-vis spectra of gliadin solutions were acquired at pH 3.0
(0.168 mg/ml) and 7.0 (0.065 mg/ml). The spectroscopic study was
performed by a spectral scanning between 240 and 400 nm at
25°C using a V-630 BIO JASCO spectrophotometer coupled to a
Peltier system. The second derivative spectrum of each solution was
obtained using OriginLab software. For each spectrum a smooth of
30 points was employed using Savitzky-Golay algorithm based on
a second order function.

The aggregation index (A.L [%]) was determined by Eq. (1) [23],
(Eq.(1)). According to this index the following scale was utilized: (a)
between 0 and 2: solution; (b) between 2 and 5: some aggregates
formation; (c) >5: high aggregation.

100 x Assg )

IA-T%] = <A280 —Assg

(M)

Determination of tyrosine: tryptophan (Tyr: Trp) ratio was per-
formed according to the method of Bencze and Schmid [24]. To this
aim, working gliadin solutions at pH 3.0 and 7.0 were treated with

NaOH to reach a final concentration of 0.1 M NaOH, pH 12.0. UV-vis
spectra were acquired and the ratio between both amino acids was
determined by extrapolation analysis with theoretical data pre-
sented by Bencze and Schmid [24] (see Supplementary information,
SI)

2.4. Zeta potential

The zeta potential (¢) of gliadin systems at both conditions was
measured by the Zetasizer (Nano-ZS) from Malvern Instruments
and its software, Dispersion Technology Software (DTS).

2.5. Steady state tryptophan intrinsic fluorescence spectroscopy

Solutions of gliadin at pH 3.0 (0.168mg/ml) and 7.0
(0.065 mg/ml) were excited at 295 nm and emission signal was col-
lected between 300 and 450 nm using an excitation and emission
slits of 5nm. Spectra were acquired at 25 °C using a Shimadzu RF
spectrofluorophotometer. The accurate Apmax emission was deter-
mined by second derivative method.

2.6. Electron microscopy

2.6.1. Scanning electron microscopy (SEM)

A gliadin aliquot (20 pL) was deposited on uncoated coverslips
and letdryin a Petri-dish. Resulting specimens were metalized with
Au(0) using Sputter coater Pelco 91000 and observed via a ]SM-
35CF equipped with secondary electron detector (EVO 40).
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Fig. 3. SEM microphotographs of gliadin system at pH 7.0, 10mM NaCl. (A) SEM
image showing gliadin microstructures. (B) Zoom of image A, showing a cluster of
microstructures. (C) Zoom of image B, showing the presence of nanostructures.

2.6.2. Transmission electron microscopy (TEM)

An electron microscope Philips CM 100 with a beam of 80 kV
was used. Samples and deposited onto a grid cover with Form-
var. Staining was performed with uranyl acetate following standard
protocols.

All the Images were analyzed using Image ] software.

2.7. Fractal analysis

Fractal analysis of the SEM images of gliadin at pH 3.0 was per-
formed using Image ]. The Box Counting algorithm was used to get
the information about fractal properties. The topographic images
were transformed to 8-bit binary format and the box values of 4, 8,
16, 32, 64 and 128 were overlaid in the image to obtain the fractal
dimension (Dy) of the whole picture (see SI).

2.8. Circular dichroism

CD spectra of gliadin systems at pH 3.0 (0.065 mg/ml) and pH
7.0 (0.065 mg/ml) were recorded using a Jasco J-810CD spectrom-
eter with a Peltier system as temperature controller. Usually, 3
scans were acquired in the range 190-250 nm at 20 °C. A scanning
speed of 50 nm/min and 0.1 mm Quartz cuvettes were employed.
Water solutions at pH 3.0 and 7.0 were measured under the same
conditions and subtracted from the spectra. Smoothing and noise
reduction was performed by a binomial method. Graphics were
represented using the program OriginLab.

2.9. Nile red interaction

Gliadin systems were prepared as described in Sample Prepara-
tion section. All experiments were performed with a fresh solution
of a 0.05 mM saturated Nile red (NR) in water using a Shimadzu RF
spectrofluorophotometer at 20 °C. Excitation at 552 nm and 590 nm
were performed and the emission spectra were collected in the
range of 560-700 nm and 600-720 nm, respectively (the excitation
and emission slits were of 3 and 5 nm respectively). The same pro-
cedure was carried out for only NR water solutions at pH 3.0 and
7.0, respectively. Titration experiments were carried out in order to
obtain a global apparent binding constant. Increasing concentration
of NR (0.05 mM) were added to 2 mL of gliadin solution and incu-
bated for 10 min. Excitation at 552 nm at 25 °C was performed and
emission spectra were acquired between 560 and 700 nm. Intensity
of fluorescence was corrected by the inner filter effect, due to the
ability of the dye to absorb the wavelength at which it is excited.
This correction is performed by multiplying the fluorescence by the
factor 10¥emAiexc/2) To apply this factor, absorption spectra of the
NR at different concentrations at pH 3.0 and 7.0 at 10 mM Nacl
were recorded using an optical path of 10 nm. Suitable calibration
curves were realized to obtain the values Ay, and A, .. Non-specific
fluorescence was subtracted to the total intensity of fluorescence
of gliadin system at the corresponding pH and NR concentration
[25]. The obtained fluorescence spectra correspond to the specific
fluorescence. Considering the shape of the titration curve of Nile
red-protein, dissociation constant (K4) was obtained by using Hill’s
regression provided by the software OriginLab.

2.10. Nile red release

Gliadin solution at pH 3.0 (0.168 mg/ml) was prepared as it
was described before. A two mL of gliadin solution were taken
and NR was added reaching a final concentration of 0.6 WM. After
10 min of incubation, two aliquots were separated and one of them
was brought to 7.0. Both gliadin—NR mixtures were centrifuged at
21130g leading to a clear solution. Emission spectra of NR in both
conditions were acquired and processed as describe above.

3. Result and discussion

3.1. Characterization of gliadin self-organized systems at pH 3.0
and 7.0 by SDS-PAGE, UV-vis spectroscopy, tryptophan steady
state fluorescence spectroscopy and zeta potential

In order to mimic the stomach conditions, gliadin was dissolved
under shaking in 0.001 M HCIl, 10 mM Nac(l, reaching pH 3.0. Consid-
ering that gliadin is not fully degraded in the stomach and reaches
the duodenum [1], the pH of the solution was switched from 3.0 to
7.0. At pH 7.0, phase separation occurs observing the presence of
macroscopic aggregates. Previously, Thewissen et al. [26] reported
high solubility of wheat gliadin in aqueous media at extremely
acidic and alkaline conditions, and poor solubility near neutral
pH values, since the isoelectric point (I.P.) of gliadin is around 7.8
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[27]. Both acidic and neutral solutions were centrifuged and fur-
ther experiments were performed with the soluble fractions (see
Section 2).

The identity of gliadin water soluble fractions, at pH 3.0 and
7.0 were determined by SDS-PAGE (Fig. 1(A). In both cases, the
obtained bands showed molecular weight comparable with those
previously reported for o and 3 isoforms [2,7]. The observed band
intensity differences could be attributed to the decrease of soluble
protein concentration after pH 7.0 was reached (see Section 2.1).

To obtain quickly global information about the system, UV/Vis
spectroscopy was performed in the range between 250 and 400 nm
(Fig. 1(B). Although both gliadin solutions were visible clear, it was
possible to detect scatter at wavelengths >320 nm, which was more
evident at pH 7.0, indicating the presence of aggregates (Fig. 1(B)
[23]. Similar results have been reported previously for the for-
mation of multimeric protein structures generated by fibrillation,
polymerization, gelation, etc [28-30]. Given the characteristic of
UV/Vis spectra of gliadin solutions between 350 and 400 nm, the
percent aggregation index (A.L [%]) was calculated taking into con-
sideration the ratio Assg/Azgo (see Section 2). Normally, when there
is no aggregation, the A.L is in the range of 0-2, in the presence of
some aggregates is in the range of 2-5, and high aggregation shows
values of AL higher than 5 [23,31]. At pH 3.0, the calculated A. L.
was 3.8, meanwhile at pH 7.0 the A.l. was 17. 2.

The spontaneous assembly and induced aggregation of food pro-
teins has been recently reviewed by Bouhallab et al. indicating that
complex proteins are able to self-organize at physiological condi-
tions [32,33].

Our results showed that gliadin in aqueous medium is able
to self-organize differentially, while gliadin solution at pH 3.0
suggests moderate aggregation without phase separation, higher
aggregation index was found after pH 7.0 was reached. Previ-
ously, it was reported similar results when gliadin nanoparticles
were prepared from ethanolic solution by desolvation methods [7].
The strong aggregation at pH 7.0 could be explained by the well-
known protein aggregation phenomenon at the isoelectric point.
This process is attributed to the increment of attractive colloidal
interactions over repulsive interactions near the isoelectric point,
which is the force that leads to the formation of protein nanopar-
ticles in general [34].

In addition, UV-vis spectroscopy provides very sensitive infor-
mation about changes on the Tyr and Trp molecular environment
related to folding or unfolding and aggregates formation. Although
UV-vis spectroscopy is in the group of “low resolution” techniques,
this method is especially useful in complex systems like food pro-
teins obtaining structural information of the whole system [23,35].
In particular, gliadins are proteins with high content of Tyr amino
acid, and only some isoforms of alpha gliadin posses a Trp in the
primary structure [5,36]. First, to determinated the ratio Tyr: Trp
in gliadin systems a methodology proposed by Bencze and Schmid
was performed (see Section 2 and SI) [24]. This methodology offers
an important advantage over chemical methods since it does not
require sample hydrolysis, which often leads to partial decompo-
sition of Tyr and Trp. In our studies a Tyr: Trp ratio of 2.26: 1 was
obtained in gliadin solution at pH 3.0, while at pH 7.0 the ratio
was 1.86: 1. These results are in agreement with previous reports
describing similar ratios in gliadin samples, estimated by colori-
metric and gravimetric methods [37-39]. Comparison of UV/Vis
spectra at pH 3.0 and 7.0 (Fig. 1(B), showed that by changing the pH
of the solution from 3.0 to 7.0, a decrease of gliadin concentration
occurred as detected by the drop of the signal around 280 nm. The
decrease of protein concentration was corroborated by Bradford’s
method and it explains the differences in the relative intensity of
signals between pH 3.0 and 7.0 observed by SDS-PAGE (Fig. 1(A)
(see Section 2).

Inspection of the UV/Vis spectra (Fig. 1(B) shows that the max-
imum wavelength absorption is around 282 nm, 2 nm red-shifted
of the expected 280 nm wavelength maximum of free amino acids
[35]. The second derivative spectrum enhances differences among
spectra, resolves overlapping bands in qualitative analysis and
most importantly, reduces the effect of interference from scatter-
ing (Fig. 1(C) [23]. In such spectra, the minimum observed around
280.0nm corresponds to Tyr and Trp absorption, while the one
around 290.0 nm belongs only to Trp. In general, wavelength shifts
inthe order of 0.1 nm are correlated with protein structural changes
[23]. Considering Tyr and Trp absorption together, our gliadin
system at pH 3.0 showed a minimum positioned at 281.5 nm, mean-
while the minimum was observed at 281.0 at pH 7.0. This redshift
of 1.5 and 1.0nm could be attributed to a less interaction of Tyr
with the aqueous medium, being the amino acid buried into the
structure. Thus, implies that gliadins are at some extend folded
at both pHs. On the other hand, considering only Trp absorption,
gliadin systems showed a minimum absorption at 288.7 nm at pH
3.0, while at pH 7.0 the minimum was observed at 288.5 nm. Here,
the blueshift of 1.3-1.5 nm of the 290 nm band, at pH 3.0 and 7.0
respectively, suggest that Trp is exposed to water solvent in both
cases, although not at the same extend.

Steady state fluorescence experiments were restricted to only
Trp evaluation because it has a high quantum yield and its emission
spectrum is sensitive to environment polarity [23,40]. Tyr fluores-
cence is not suitable because of its low sensibility to changes in
the environment polarity, restricting its usefulness only to time
resolved fluorescence experimemts [41]. To selectively excite Trp
an excitation at 295 nm was used, and the emission spectra was
recorded in the region between 307 and 350 nm, where the Trp
emits depending on the environmental characteristics [42]. The
emission spectrum of gliadin systems at both pHs showed a wide
peak centered near 350 nm with a bandwidth of 60 nm (Fig. 1(D),
suggesting the existence of different Trp species. To get a better
resolution of the bands, and to characterize changes in the tertiary
structure of both systems the second derivative spectrum at each
pH is presented [42,43]. At pH 3.0, two minimums were detected at
334 and 345 nm, meanwhile at pH 7.0 both minimums were shifted
to 332 and 346 nm, respectively. This demonstrates the existence
of at least two types of Trp in both gliadin systems, one buried
to the protein core (334-332nm) and the other exposed to the
solvent (345-346 nm) [42,44]. The first group may correspond to
a Trp class I, in which this residue is located in a polar but rigid
environment inside the protein, forming a 2:1 excimers with two
neighboring polar groups (complex of two or more molecules that
has low energy than the fluorophore). The second group may corre-
spond to a Trp class II, where this residue is preferably in the surface
of the protein, in contact with the solvent and other polar groups of
the protein [45,46]. In both cases, Trps located in the surface may
stabilize the system. This may occur by hydrogen bonding interac-
tions with molecules of water and other polar groups favored by
entropy as observed previously in protein viral capsids [47]. At pH
3.0, the relation between IF334/IF345 is 0.98, showing that both Trps
are uniformed distributed in the assembly. On the other side, at
pH 7.0 the ratio IF335/IF34¢ is 1.42, showing that more than half of
the Trps are more buried and less exposed to the solvent upon pH
increase.

In addition, upon increasing the pH from 3.0 to 7.0 gliadin Trp
bands showed a blueshift of 2 nm for the first band from 334 to
332 nm, and a redshift of 1 nm of the second band from 345 to 346.
These observations suggest that a change in the tertiary structure
of gliadin system occurred due the change of pH, producing a more
compact tertiary structure in the case of pH 7.0.

Our results show that at both pHs, gliadin is self-organized in
water at 10 mM ionic strength. The spontaneous self-organization
at pH 3.0 increases the apparent solubility due to the formation
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Fig. 4. TEM Microphotographs of gliadin system at pH 7.0, 10 mM NaCl. (A) TEM image showing gliadin structures and their association. (B) Zoom of image A, showing the
different particles sizes. (C) Diameter distribution of the nanostructures observed in image A.

of finite sized aggregates, such as those formed in the micelliza-
tion of amphiphilic molecules [48]. Switching the pH from 3.0 to
7.0 lead to a phase separation, however after centrifugation gliadin
aggregates are disperse in the solution. Gliadin can be stabilized
mainly by hydrophobic interactions due to its amino acid composi-
tion (proline, 14% and glutamine 40%), but also by salt bridges and
hydrogen bonds. Taking into account that gliadin composition has
a high content of glutamine, we hypothesized that hydrogen bonds
with water can be responsible of gliadin colloidal stabilization [49].

The combination of short range attraction and long-range repul-
sion has been shown to result in the formation of equilibrium
clusters during protein aggregation, in general. [50] In the simplest
form of the DLVO theory, the attractive potential is represented
by the van der Waals force between the particles in the medium,
meanwhile the repulsive force between the particles arises due
to the double layer overlap [51]. While the attractive potential

remains nearly constant, the repulsive part of the potential is tuned
over a large range by controlling the zeta potential through the
PH, ionic strength, and temperature. The driving forces present in
gliadin systems may be quantified by considering the tendency to
spontaneously aggregate in solution, through electrokinetic mea-
surements [52]. Zeta potential measurements show that at pH 3.0
the zeta potential was +13, 42 £+ 1.55 mV, meanwhile at pH 7.0 was
+4, 78 +£0.48 mV. Both low zeta potential values are in the incipi-
ent instability regime, indicating that gliadin possesses an intrinsic
instability [52,53]. However, particles are kinetically stabilized in
solution at both pHs. The fact that gliadin carries only a slight
charge, shows that a weak electrostatic repulsion would favors
aggregates formation after the molecules are in contact [9]. Consid-
ering the moderate to high grade of aggregation observed at both
PH, itis possible to affirm that although both solution are clear, both
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systems are better described as self-organized solutions in water
[54].

3.2. Morphology and secondary structure of gliadin
self-organized solutions at pH 3.0 and 7.0 by electron microscopy
and circular dichroism experiments

Gliadin ability to form spontaneously aggregates in aqueous
media has been previously reported in acetic acid [6], mixtures
ethanol/water [55] and more recently in distilled water [10]. In dis-
tilled water at very dilute concentration, it has been reported that
gliadin is a rod-like shape monomer with a length of 11.3 nm and a
width of 2.5 nm. The presence of oligomers has been also detected
by SAXS and sedimentation experiments, however no direct visual-
ization of the oligomers has been reported [10]. Previously, EM has
provided adequate information about the morphology of oligomers
and protein aggregates in vitro [16,56-58]. Here, EM of gliadin
systems at pH 3.0 and 7.0 provided sufficient structural details
for general morphological characterization of both systems. At pH
3.0, it was possible to detect two populations of nanostructures
which average diameter of 17 + 1.6 and 20.8 & 2.0 nm. Interestingly,
the structures are able to interact forming linear arrangements
(Fig. 2(A) and (B). The size and morphology of the nanostructures
are consistent with the formation of gliadin oligomers [52,53,59].

By SEM, it was detected that the nanostructures are able to fur-
ther interact on glass surface forming fractal like patterns (Fig. 2(D).
In general, the process of protein deposition and aggregation,
which occurs when the solvent evaporates, eventually allows the
precipitation of soluble species. This process results in complex
architectures that are classified by physical properties, including
fractal dimension (Dy), density and texture [52,59-61]. The fractal
dimension was calculated by the counting box algorithm resulting
in a Dy of 1.768 +0.034 [62]. This fractal dimension is consistent
with scaling predictions [63], and explained by the presence of a
polydisperse distribution of particles, providing additional nucle-
ation sites for dendritic growth, increasing the D¢, The occurrence
of fractal structures suggests that gliadin is able to further self-
assembly process on glass by a fractal diffusion limited assembly
mechanism (DLA) [17,52].

The relationship between low zeta potential and tendency for
DLA has also been previously observed in colloidal systems and
protein systems under low ionic strength [52,53]. We hypothesize
that the presence of sufficiently weak or negligible energetic barrier
because of the weaker surface charges between gliadin particles at
pH 3.0, favors the DLA process on surface. DLVO theory supports this
colloidal instability as a function of both van der Waals and electro-
static interactions between discrete particles undergoing Brownian
motion [48]. A similar behavior has been recently reported for 33-
mer gliadin peptide [17], and also for other complex systems like
sericitin proteins which are the soluble fraction of silk [52].

Deposition of gliadin system at pH 7.0 on glass and SEM observa-
tion allowed the precipitation of amorphous microstructures and
nanostructures (Fig. 3). The detection of the microstructures is in
good agreement with the high aggregation index of 17.2 calculated
by UV-vis spectroscopy.

An improved observation of nanostructures was obtained by
TEM showing an average diameter of 27 & 8.5 nm and the presence
of nanoparticle clusters (Fig. 4). This results are in agreement with
previous reports which have shown that the size and morphology
of gliadin nanoparticles depend strongly on solvents and sample
preparation [8].

The secondary structure evaluation was performed by cir-
cular dichroism experiments [64]. Previously, 33-mer gliadin
self-assembly process occurred with secondary structure transition
from extended structures like PPII to ordered ones like 3 sheets
[16,17]. Moreover, in other proteins denaturation or unfolding is

involved in the early stages of the aggregation process [18]. It is
known that gliadins are composed mainly for random and alpha
helix structures [65,66]. Because both samples are composed of
mixtures of proteins the possibility to obtain a spectra in rela-
tion with the molar composition was not straightforward available;
however, a qualitative comparison could be done. At pH 3.0 and 7.0
both systems showed the same CD patterns, showing that both are
composed of random and « helices, ratio Ayog /222, 1.85 and 1.87 at
pH 3.0 and 7.0, respectively (see Fig. S4 in SI). This result is essen-
tially the same as reported by Kasarda et al. for o gliadin at pH
3.0 and pH 5.0 in acetic acid and low ionic strength. Interestingly,
Kasarda et al. did not observe important changes on secondary
structure between randomly disperse gliadin and gliadin nanofib-
rils [65]. Other authors have reported that the CD spectrum of the
gliadin mixture resembles those of isolated « gliadin [66]. Consid-
ering that gliadin soluble fraction at pH 7.0 is mainly composed
of alpha gliadin, our results are reasonable. The small spectral dif-
ferences could be due to slightly different protein concentration.
Summarizing, our CD experiments showed that denaturation is not
the responsible of formation of gliadin self-organized systems and
that secondary structure is maintained at both pHs.

3.3. Nile red interactions with gliadin self-organized systems at
pH3.0and 7.0

In general, protein self-assembled systems have been widely
studied by extrinsic fluorescence in order to evaluate protein orga-
nization. [67] In particular, Nile red (NR) is a hydrophobic probe
which senses changes in microenvironments [68]. Previously, NR
was used to monitor changes in the hydrophobicity surface of
proteins such as cytochrome P450 3A4 [69] but also in differ-
ent protein aggregates [70] such as those of [3-galactosidase [71]
amyloid fibrils [72] and also to elucidate the intermediates in the
self-assembly of tubulin [73]. In a low polar environment, NR flu-
orescence is increased and a blueshift of wavelength maximum
emissionis detected [68,74]. Moreover, the large blueshift observed
(108 nm from water to hexane) [75] makes possible to excite
probe molecules selectively in different microenvironments. These
characteristics of NR lead to an excitation dependent-emission
maximum (Amax) When different microdomains in the aggregate
are present [68,74,76]. This property is of a great advantage in order
to determinate binding of NR in highly aggregated solutions, like
this of gliadin at pH 7.0. When NR is excited at 552 or 590 nm, the
emission spectra are only derived from the polar interface, thus a
dependent emission maximum is expected if NR binds to gliadin
systems [74]. The Apmax of emission, were accurately determined by
second derivative methodology [76].

Initially, NR in water at pH 3.0 or 7.0 were excited at 552 and
590 nm, observing an emission peak at 640 nm and no dependence
of the emission maximum (Fig. 5 and Fig. 6). When gliadin-NR sys-
tem at pH 3.0 was excited at 552 nm (Fig. 4), the maximum emission
was blue shifted to 608 nm, however the band at 640 nm persisted.
Excitation at 590 nm showed a blueshift of the maximum to around
620 nm, however the band was really broad suggesting the pres-
ence of different binding sites. The maximum wavelength blueshift
is consistent with the presence of gliadin self-organized aggre-
gates which possess hydrophobic binding sites for the NR binding.
Owing to the large polarity-dependent absorbance shift of NR, the
probe which resides more toward the core of the aggregates will
be excited at lower wavelength and emits at a lower wavelength
[74]. By contrast, the probe residing more toward the outside of
the aggregate (facing water solvent) will be preferentially excited
and emits at higher wavelength. The new blueshifted value close
to 608 nm was previously reported in the case of inverted micelles
of amphiphiles [70,76] and of 3-galactosidase aggregates [71].
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On the other hand, at pH 7.0 no excitation dependent emission
was detected as shown in Fig. 6.

Our findings show that the nature of the surfaces of gliadin self-
organized is quite different. At pH 3.0, it was evidenced the presence
of accessible hydrophobic binding sites, whereas at pH 7.0 the NR
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probe was not able to interact with gliadin, showing that the sur-
face of the aggregates at pH 7.0 is highly polar and/or hydrophobic
patches are not accessible.

To quantify the NR binding, a titration was carried out increasing
probe concentration and using an excitation wavelength of 552 nm
(Fig. 7).

NR titration at pH 3.0 showed that the Apax of emission was
red shifted from 599 to 608 nm upon increasing NR concen-
tration, and the shoulder at 640 nm was more evident at high
NR concentration. The global apparent dissociation constant was
determined according to Hill adjustment at 608 showing a Ky value
of 0.180 4 0.080 M. The band of Amax around 608 nm is typically
observed when NR molecules are incorporated in hydrophobic
cores, in protein surfaces or aggregates such as core-shell particles,
micelles or vesicles [68-75]. Probably, the band arounf 608 nm
correspond to NR in the interior of the aggregates and the second
band at 640nm to those NR molecules more exposed to the
solvent. The sequential red shift of the band shows that different
hydrophobic sites are accessible to NR and can be attributed to
a progressive filling of the binding sites, depending on binding
affinity. In addition, the appearance of a shoulder at higher wave-
length was previously observed in cytochrome P450 3A4 [69] and
tubulin aggregates [73]. Based on our findings, we hypothethised
that gliadin at pH 3 is able to form micelle type aggregates under
the experimental conditions tested.

On the other hand, although the intensity of the emission of
Nile red at 640 nm was slightly increased at pH 7.0, no binding
constant could be calculated. And more importantly, no shift
of the maximum emission band was observed. This confirms
that the surface area of gliadin aggregates at pH 7.0 has a polar
nature or/and that the hydrophobic sites are not accessible to NR.
Incubation of NR-gliadin mixture for at for at least 30 min did
not lead to changes in NR emission spectrum. Considering the
existence of colloidal nanoparticles at pH 7.0, we hypothesized
that the surface of gliadin particles interacts strongly with water,
probably with glutamine amino acid, thus lowering the interaction
with NR or a quenching of NR fluorescence intensity (due to
H-bonding) can be expected [74]. The presence of a shell of tightly
bound water molecules can prevent gliadin particles from further
aggregation and precipitation when they collide, reinforcing the
idea of colloidal stabilization in water.

Finally, the in situ NR binding differences of gliadin self-
organized structures at both pHs were tested by switching the pH
from 3.0 to 7.0 (Fig. 8). Measurements of intensity of fluorescence of
NR have previously shown changes in supramolecular organization
depending on external stimulus [76,77].

As expected, at pH 3.0 gliadin self-organized structures showed
fluorescence intensity at 608 nm, while switching to 7.0 a decrease
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Fig. 8. Nile red spectrum of gliadin system at pH 3.0 (M) and after switch of pH to
7.0 (O). NR contribution in water at pH 3.0 or 7.0 was subtracted.

of fluorescence intensity and a red-shift to 640 nm was detected.
This behavior suggests a change in gliadin self-organization in situ
modulated by the pH, from micelle type aggregates to colloidal
nanoparticles. Scheme 1.

4. Conclusion

The spontaneous self-organization of gliadin in water at pH 3.0
and 7.0 under low ionic strength was reported. Our findings sup-
port the hypothesis of spontaneous micellization of o« and 3 gliadin
isoforms at pH 3.0, although in the incipient instability regime
({=+13,42 +1.55mV), the repulsive component exhibits a barrier,
thus nanostructures are kinetically stabilized. On TEM grid, most
of the particles are separated, but on glass surface they are able
to further interact by a fractal DLA mechanism (see SEM, Fig. 2).
As mentioned, similar behavior has been recently reported for 33-
mer gliadin peptide [16,17] and other protein like sericitin [52] and
sillicatein [78] under low ionic strength. Later on, upon increase
the pH to 7.0, gliadin nanostructures repulsion decrease due to the
proximity to the isoelectric point, and the electrostatic repulsive
force between particles was negligible ({ =+4, 78 +0.48 mV). Thus
it is likely that particles adhere once they encounter each other in
the solution, leading to the observed decrease of solubility. After
centrifugation, colloidal gliadin nanoparticles are stabilized prob-
ably because H-bond with water molecules. Deposition of gliadin
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at pH 7.0 on glass and SEM observation showed the presence of
amorphous aggregates in the micrometer range and nanoparticles.
On TEM grid, the nanostructures formed clusters. Recently, gliadin
nanoparticles formation were reported in distilled water (probably
at pH 6-7) [10].

The supramolecular transition from micelles to nanoparticles
modulated by pH were also reported for casein protein but casein
transition occurred upon decreasing pH [79].

Previously, it has been reported that gliadin is not completely
degraded by pepsin (pH 2-3) and trypsin (pH 7.0) in vitro and
in vivo (in murine models) [1], although 54 cutting sites for both
enzymes are theoretically possible [80]. The occurrence of colloidal
nanostructures can explain the up to now unexpected proteolyti-
cal resistance, and thus the hypothesis of incapability of digestive
enzymes to access to the degradation sites of gliadin is reason-
able. Moreover, considering the reported innate immunological
response triggered by gliadin, mainly at pH 7.0 [12,14,21], again
the hypothesis of colloidal nanoparticles of gliadin as potential
real triggers instead of randomly disperse gliadin can explain the
reported immune and tissue stress behavior. Our research efforts
are directed to test this hypothesis in vitro and in vivo.

In addition, because of the importance and variability of pH in
the GI [19], our research effort will be focused toward a systematic
evaluation of gliadin under different conditions by 3D correla-
tion light scattering and small angle X diffraction. Meanwhile, our
findings of gliadin spontaneous self-organization at relevant phys-
iological pH and concentration might be a first step toward the
understanding of gliadin in vitro and in vivo behavior.
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