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ARTICLE INFO ABSTRACT

Keywords: The volume-spanning network formed by gluten during breadmaking is crucial in the production of high-quality
Glgten bakery products. Zein proteins are also capable of forming a protein network under specific conditions. Vibra-
Ze‘r,' tional (Fourier transform infrared spectroscopy (FTIR) and Raman scattering) and fluorescence spectroscopy are
Q;L?olsct’;l;; powerful, non-invasive techniques capable of assessing protein structures and interactions. The main objective of

this project was to explore the suitability of these techniques to study zein and gluten structures and interactions
in complex dough systems. The dough samples were prepared by mixing 20 w/w% of protein (with different
proportions of zein and gluten) and 80 w/w% of corn starch. The tyrosine (Tyr) fluorescence emission peak (Aexc
= 280 nm) was still present even in those zein-gluten samples containing the highest gluten concentration and
lowest zein concentration. This suggests that the Tyr moieties (stemming from zein) are not in close proximity to
tryptophan (Trp) of gluten and their fluorescence is not quenched efficiently. Raman scattering results also
showed the presence of different Tyr residues, exposed and buried, as well as different conformations of disulfide
bridges, in zein and gluten samples. Based on the results from spectroscopic measurements and scanning electron
microscopy (SEM), two distinct network structures composed of gluten and zein were identified in the mixed
dough systems. The present work illustrates how complementary vibrational (Raman scattering and FTIR) and
fluorescence spectroscopy methods can be combined to non-invasively assess protein structure and interactions

Disulfide bridges
Aromatic amino acids

in a complex food matrix.

1. Introduction

Gluten proteins are generally classified into ‘monomeric’ gliadins
and ‘polymeric’ glutenins. They are known for their ability to form a
viscoelastic dough required for the production of high-quality bakery
products (Delcour et al., 2012). Zein is the main protein in corn,
comprising about 50% of the total endosperm proteins (Delcour and
Hoseney, 2010). While the glass transition temperature (Tg) of gluten is
below room temperature (23 °C) at moisture contents above 16%
(Hoseney, 1986), the T of zein is above room temperature at moisture
contents of 28% and higher (Lawton, 1992). By increasing the temper-
ature above zein’s Tg (28 °C at >20% moisture content), its propensity
for aggregation and cross-linking is enhanced, and it eventually can
form a continuous protein network (Delcour and Hoseney, 2010).

Zein-based viscoelastic dough systems have been extensively studied
during the past few years (Andersson et al., 2011; Erickson et al., 2012;
Johansson et al., 2012; Mejia et al., 2007; Smith et al., 2014). The study

* Corresponding author.
E-mail address: ijoye@uoguelph.ca (I.J. Joye).

https://doi.org/10.1016/j.crfs.2022.02.009

of cereal dough systems in their “natural state” is difficult due to their
inherent high complexity and the limited number of analytical tech-
niques that do not require extensive sample preparation. Hence, devel-
oping and further optimizing non-invasive techniques such as
vibrational and luminescence spectroscopy is crucial to monitor zein
and gluten interactions and structure, and describe their effects on
dough properties and stability (Sadat et al., 2019).
Fourier-transformed Infrared Spectroscopy (FTIR) has been used to
probe the gluten secondary structure in dough as a function of dough
composition (e.g., the addition of chemicals and enzymes during dough
preparation (Bagagli et al., 2014), supplementation with bran and di-
etary fibre (Bock et al., 2013; Bock and Damodaran, 2013; Nawrocka
et al.,, 2016)), processing conditions and parameters (e.g., mix-
ing/mechanical deformation (Wellner et al., 2005)), and different levels
of gluten hydration (Belton et al., 1995). Similarly, FTIR has also been
used to understand the changes in the secondary structure of zein in
different solvents (Argos et al., 1982; Y. Chen et al., 2014), gain insights
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into bond formation between zein and other molecules (Chen and
Subirade, 2009; Wheelwright et al., 2013; Zhang et al., 2010), and
characterize zein dough systems (King et al., 2016; Mejia et al., 2007; Sly
et al., 2014). Federici et al. (2021) also used FTIR to investigate the
effect of thermal treatment on zein-starch doughs. They observed the
development of fibrous protein structure in doughs with thermally
treated zein that was attributed to an increase in p-sheet secondary
structure.

Intrinsic protein fluorescence spectroscopy provides information
about the chemical and physical environment of aromatic amino acids
(Trp and Tyr) present in the samples and has previously been used to
study gluten conformation in cereal systems (Andersen and Mortensen,
2008; Bonomi et al., 2004; Kokawa et al., 2011). To the best of our
knowledge, fluorescence spectroscopy has not yet been used to assess
zein’s viscoelastic state, while it can provide useful information about
the aromatic amino acids’ side-chain environment of zein in its visco-
elastic state. Raman spectroscopy is a powerful tool that has been used to
study the different components of dough and wheat kernels (Cebi et al.,
2017; Piot et al., 2001). There are only a limited number of studies on
zein and zein-based materials using Raman spectroscopy. The studied
systems include zein-chitosan films (Escamilla-Garcia et al., 2013), zein
nanoparticles (Hu et al., 2015; Y. Wang et al., 2013), and zein fibres and
films (Alhusein et al., 2013; Escamilla-Garcia et al., 2013; Federici et al.,
2020; Fernandez et al., 2009). This technique can also provide useful
information about the different conformations of disulfide bonds in
protein samples (Zhou et al., 2014). Despite the numerous studies
available on gluten and zein dough (Andersson et al., 2011; Bache and
Donald, 1998; Jazaeri et al., 2015; Khuzwayo et al., 2020; Kokawa et al.,
2011; Ruminska et al., 2020; Schober et al., 2008, 2010; Sly et al., 2014),
only a very limited number of them have reported on gluten-zein in-
teractions in a gluten-zein dough system. In addition, none of them have
used the above-described non-invasive techniques to study these pro-
teins in their ‘natural,” undisturbed state in a mixed system. Bugusu et al.
(2001) investigated the effect of the addition of zein (1, 5, and 10%) to
sorghum-wheat composite flour (20% sorghum) on the rheological
properties of the dough and its breadmaking quality. They observed an
increase in dough extensibility and specific bread volume with
increasing amounts of zein. This was attributed to zein’s effect on the
gluten network’s strength and its ability to retain CO,. However, it was
not clear whether these improvements resulted from the interaction of
zein with gluten or the effect of zein alone. Bugusu et al. (2002) studied
the microstructure of zein and wheat gluten in composite dough and
bread systems using confocal laser scanning microscopy (CLSM). They
observed an outer layer of loose, thin zein fibrils coating the gluten
network, leading to enhanced resistance to gas cell rupture. They stated
that zein fibrils form a finer network than gluten, which is mainly
external to the gluten network.

The interactions and structure of zein and gluten networks are
difficult to study as most analytical methods usually require the
extraction or isolation of the proteins, which inherently changes the
characteristics of these systems and leaves researchers with the uncer-
tainty of having introduced artifacts during sample preparation. Vibra-
tional spectroscopy, which comprises both infrared absorption and
Raman scattering, and fluorescence spectroscopy are non-invasive
methods, that do not require isolation or extensive sample prepara-
tion, and use only small amounts of sample. Therefore, the main
objective of this project was assessing the feasibility of these non-
invasive methods to study complex zein-gluten dough systems.

2. Materials and methods
2.1. Sample preparation
Zein from maize was obtained from Flo Chemical Corp (Ashburn-

ham, MA, USA), while commercial gluten flour and corn starch were
purchased from a local market (BulkBarn, Canada). The protein content
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of zein powder and gluten flour were 87.1% and 72.6% db (Dumas
method, N x 6.25 and N x 5.8), respectively. Dough samples were
prepared by mixing 80 w/w% of corn starch with 20 w/w% of protein.
Different ratios of zein and gluten (w/w) (zein:gluten, 0:20, 15:5, 10:10,
5:15, 20:0) made up this protein fraction. The moisture content of the
corn starch, gluten flour, and zein were 10.62%, 7.06%, and 4.96%,
respectively. All the ingredients were kept at 40 °C overnight in separate
glass jars before mixing to ensure they were equilibrated to a tempera-
ture exceeding the Ty of zein before using them. The mixer and the
mixing bowl were also placed at 40 °C overnight, so the ingredients’
temperature didn’t drop during mixing. 100 g of the dry ingredients
were then dry-mixed into a homogenous powder in the mixing bowl
prior to adding 75 g of Milli-Q water. The dough was prepared using a
100 g micro mixer (National MFG. Co., Lincoln, Canada) at 40 °C and
25% relative humidity (RH). All samples were mixed for 5 min prior to
further analysis. Images of the prepared dough samples can be found in
supplementary data (Fig. S1).

2.2. Attenuated total reflectance (ATR) FTIR spectroscopy

A Vertex 70 series spectrophotometer (Bruker Optics, Billerica, MA,
USA) was used to study the secondary structure of the protein fraction in
dough samples. This spectrometer is equipped with a horizontal multi-
reflectance ZnSe crystal accessory. The instrument houses a deuterated
triglycine sulfate (DTgS) detector and a KBr beam splitter. The spectra of
dough samples were collected in the 800-3500 cm™! region at room
temperature using 4 cm ™! resolution, an aperture diameter of 6 mm, and
32 scans. To minimize the presence of water vapor in the system, the
internal humidity of the instrument was brought to ~zero by refreshing
the desiccants the night before measurement and purging the system
with Ny gas during the measurement. The FTIR spectra of the dough
samples (sample measurement) and continuous phase (reference mea-
surement; Milli-Q water) were collected at least in triplicate. All the
recorded spectra were subjected to a two-step normalization process
involving a vector and offset normalization (Sadat and Joye, 2020). The
FTIR spectra shown in this article are background corrected and
normalized. The averaged normalized reference spectrum (Milli-Q
water) was then subtracted from each normalized sample measurement.
OPUS software (Bruker Optics, Billerica, MA, USA) was used for spectra
acquisition, normalization, and subtraction of the reference spectrum
(Sadat and Joye, 2020).

The water-corrected spectra of dough samples were then analyzed
using OriginPro 2020 (OriginLab Corporation, Northampton, MA, USA).
The amide I band was subjected to curve fitting based on the second
derivative hidden peak analysis according to the method described by
Sadat and Joye (2020). The respective peaks were characterized by the
Voigt function. The residual errors of the fits were less than 2 x 10~* and
randomly distributed in all cases. The relative peak areas of the absor-
bance bands of each secondary structure are presented as the “per-
centage of the area of the fitted region."

2.3. Steady-state fluorescence spectroscopy measurements

Front-face fluorescence spectra were recorded at 40 °C using trian-
gular quartz cuvettes in a Fluoromax 4 Spectrofluorometer (Horiba
Scientific Inc., Edison, NJ, USA). The spectra for intrinsic luminescent
aromatic amino acids, Tyr and Trp, were collected upon excitation at
280 nm (Aexc) Over a wavelength range from 290 to 425 nm (Aep). Trp
fluorescence intensity was also recorded using an excitation wavelength
of 295 nm over emission wavelengths from 300 to 425 nm. Excitation
and emission slit widths were set at 1.5 and 3.0 nm, respectively. The
measurements were all performed in triplicate. The water spectrum
(blank) was subtracted from the spectra of the dough samples to remove
the cuvettes background. The water-subtracted spectra were subse-
quently normalized. To separate the contributions of Tyr and Trp to the
overall emission obtained at 280 nm, the data were subjected to a
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deconvolution procedure using OriginPro 2020 (OriginLab Corporation,
Northampton, MA, USA). The respective peaks were characterized with
a lognormal distribution function.

To further characterize the f-sheet enriched fibrils formed in dough
samples, the spectra of dough samples were also collected at an exci-
tation wavelength of 350 nm over an emission wavelength range from
370 to 550 nm. For all the measurements, the excitation and emission
slit widths were set at 1 and 2 nm, respectively.

2.4. Thioflavin T fluorescence assay

Thioflavin T (ThT) (Fisher Scientific, Canada) is a cationic benzo-
thiazole dye that becomes highly fluorescent by interacting with p-sheet
rich matrices (Farrokhi et al., 2019; Sen et al., 2009). This fluorophore
behaves as a molecular rotor and has been extensively used to detect
B-sheet rich amyloid fibrils in medical applications. In this study, ThT
fluorescence intensity was monitored to assess the extent of the p-sheet
structures, the potential formation of fibrils and the stiffening of the
matrix in the studied dough samples. For this purpose, a ThT solution
(0.64 mM) was prepared and kept at 40 °C overnight prior to mixing
with corn starch and gluten or/and zein following the same process
described in the sample preparation section (2.1). To avoid inner filter
effects, the ThT concentration vs. emission intensity relationship was
mapped over a wide range of concentrations (0.08-0.66 mM), and the
0.64 Mm concentration which was within the linear region of the in-
tensity vs. concentration relationship, was selected for further studies.
The fluorescence emission spectra of dough samples containing ThT
were then recorded at a 440 nm excitation wavelength over an emission
wavelength range from 460 to 550 nm. Both the excitation and emission
slits were set at 1.5 nm. The measurements were performed at 40 °C
using triangular quartz cuvettes. The spectrum of water (blank) was
subtracted from the fluorescence spectra of dough samples to remove
the cuvettes background. The resultant spectra were subsequently
normalized to the maximum.

2.5. FT-Raman spectra collection and data analysis

The FT-Raman spectra of dough samples were recorded using a
Bruker FRA 106/s module (Billerica, Massachusetts, USA) on a Bruker
IFS66vs FT-Raman spectrometer (Billerica, Massachusetts, USA) with
excitation at 1064 nm and 2 cm ™! resolution using a 180° backscattering
geometry. A total of 4000 scans were recorded between 400 and 3500
cm ™! using a laser power of 525 mW. Dough samples were packed in a
standard 2 mm cavity cell. The baseline correction was performed with a
5 point Savitsky-Golay function. The baseline-corrected spectra were
then normalized against the starch band at 477 cm™'. The disulfide
bridge region (490-550 cm™!), aromatic amino acids regions (Tyr
doublet band [Igs0/Ig30]), and amide I band (1590-1700 cm™!) were
analyzed. To determine changes in the Tyr doublet band intensity and
the conformation of disulfide bridges, difference spectra were calculated
since the Raman spectrum of starch shows a distinct band within these
spectral regions. The difference spectra were obtained by subtracting the
normalized starch spectrum from that of the dough samples. The di-
sulfide bridge region (490-550 cm ™) was analyzed according to the
method described by Pfeuti et al. (2019) to detect and quantify the
percentage  distribution of the SS bond conformations
[gauche-gauche-gauche (SSq.z,, g-g-g), trans-gauche-gauche (SS;q.g,
t-g-g), and trans-gauche-trans (SSig.t, t-g-t)]. The peak shapes were
approximated by a Gaussian function. The fitting deconvolution pro-
cedure was also conducted on the amide I band to calculate the relative
amounts of each secondary structure as described by Sadat and Joye
(2020). All the data analysis procedures were performed using Origin-
Pro 2020 (OriginLab Corporation, Northampton, MA, USA). The
FT-Raman measurements were performed in duplicate.
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2.6. Cryo scanning electron microscopy (Cryo-SEM)

A scanning electron microscope (FEI Quanta FEG 250) was used to
visualize the dough structure at the Molecular and Cellular Imaging
Facility of the University of Guelph. The prepared dough samples were
immediately mounted on stubs at 40 °C after mixing. No glue was used
to fix the dough to the stub. The shuttle with the stub and sample was
immersed in a liquid nitrogen slurry immediately after mounting to
quickly freeze the material. The shuttle was then transferred to the
aQuilo chamber while maintaining a low vacuum. Fracture was per-
formed with the top knife. Sublimation was carried out at —90 °C for 10
min, while the sputtering used argon to generate a layer of ~35 nm of
platinum (10 mA for 90 s) onto the fractured-sublimed-sample. A
Quorum PP3010 Cryo-Unit was used to freeze, fracture, sublime, and
sputter coat the sample before its insertion into the vacuum chamber of
the SEM. A low temperature of —175 °C on the sample holder was
maintained while acquiring the images. Images were captured using 20
kV at 1000x, 5000x, and 10,000x magnification with the software
provided by the manufacturer.

2.7. Size-exclusion high-performance liquid chromatography (SE-HPLC)

SE-HPLC was conducted according to the method described by
Rombouts et al. (2014) to compare the extractability and molecular size
distribution of proteins from different dough samples. For this purpose,
10 mg of freeze-dried dough sample was extracted with 1.0 mL of 50 mM
sodium phosphate buffer (pH 6.8) containing 2.0% (w/v) SDS. To
determine protein extractability under reducing conditions, samples
were extracted with 1.0 mL SDS buffer to which 2.0 M urea and 1.0
(w/v) % DTT were added. The suspensions were vortexed and shaken at
150 rpm for 60 min at room temperature and under nitrogen atmo-
sphere. They were then centrifuged for 10 min at 10,000 g and the su-
pernatant was filtered through a 0.45 pm syringe filter. The protein
extracts were analyzed with a HPLC system (Shimadzu, Kyoto, Japan)
using a Biosep-SEC-S4000 column with a separation range from 15 to
500 kDa (300 mm x 7.8 mm, Phenomenex, Torrance, CA, USA). The SDS
buffer was used as mobile phase at a flow rate of 1.0 mL/min at 30 °C.
20 pL of sample was injected in the HPLC system and protein elution was
monitored by measuring the absorbance at 214 nm with a SPD-10A
UV-VIS detector.

2.8. Syneresis measurement

The dough samples were placed in centrifuge tubes and centrifuged
at 500 g for 3 min at room temperature, using a Beckman Coulter Allegra
X-15R Centrifuge (Beckman Coulter Co., IN, USA). The free water was
poured off and weighed. The extent of syneresis (%) was defined as the
percentage of the liquid (w/w) separated from the dough network. The
measurements were done in duplicate.

2.9. Statistical analysis

All measurements were performed in triplicate unless mentioned
otherwise. The results are reported as mean values and standard de-
viations. The data were subjected to one-way ANOVA analysis, followed
by Tukey’s HSD testing. Differences were considered significant at a
significance level of p < 0.05.

3. Results
3.1. FTIR and FT-Raman analysis of zein-gluten dough samples
3.1.1. Changes in secondary structure (amide I band)
The infrared and Raman scattering spectra of dough samples pre-

pared with different ratios of gluten and zein were investigated. For
FTIR spectra of dough samples, a wider range (1500-1700 cm™!) has
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been subjected to peak fitting to do a proper baseline correction. How-
ever, only the amide I band was used to characterize the secondary
structure of the proteins due to its higher protein conformational
sensitivity compared with amide II (Sadat and Joye, 2020). The second
derivative of the FTIR and FT-Raman spectra was used as a peak
sharpening method to identify the hidden peaks in the amide I region
(Fig. 1 and Fig. 2). Peak fitting was applied to the original spectra to
calculate the relative amount of each secondary structure (Table 1) from
the area under the identified peaks. The FT-Raman band at around 1602
em ™! (Fig. 2) which appeared in all dough samples is due to aromatic
side chains of amino acids (Piccirilli et al., 2015). This band was not
included in the quantitative analysis of the FT-Raman results.

The second derivative FTIR spectra (Fig. 1) of all dough samples
showed a band at 1653 cm ™! assigned to the a-helix structure according
to Sadat and Joye (2020). The second derivative FT-Raman spectra of
dough samples showed o-helical bands between 1650 and 1660 cm
(Nawrocka et al., 2017). The FTIR and FT-Raman analysis of the 20:0
gluten:zein dough sample showed 41 + 3% and 35 + 1% of the a-helical
structure, respectively (Table 1). This is consistent with previous reports
(Nawrocka et al., 2016a,b,c; Zhou et al., 2014), indicating that a sig-
nificant amount of gluten proteins in dough exhibit a-helical confor-
mation. The B-turn structure was visible as one IR band at 1672 cm™!
(Sadat and Joye, 2020) and Raman bands between 1663 and 1674 em !
(Nawrocka et al., 2017; Ruminska et al., 2020) in all dough samples
(Figs. 1 and 2). No random coil structure was observed in any of the
dough samples in both FTIR and FT-Raman spectra. It has been stated
that random coil content decreases with increasing hydrogen bonding
interactions between proteins and a higher degree of inter- and intra-
molecular B-sheets (Chen et al., 2014; Prestrelski et al., 1993). This is in
line with the high content of p-sheet structures observed in all dough
samples (Table 1).

B-sheet structures were indeed the most prevalent secondary struc-
tures in all gluten and zein dough samples, based on both FTIR and FT-
Raman measurements (Table 1). Two IR bands at 1616 and 1626 cm_l,
and one IR band at 1636 cm™! were observed, which were previously
assigned to intermolecular and intramolecular B-sheets, respectively
(Piccirilli et al., 2015). Interestingly, the second derivative FTIR spec-
trum of the 0:20 gluten:zein sample showed a more prominent intra-
molecular p-sheet peak at 1636 cm ™! (~53 + 8% of the p-sheet content)
than the 20:0 gluten:zein sample, which had a more significant (p <
0.05, Fig. S2) contribution of intermolecular p-sheets (~74 + 5% of the
B-sheet content) (Fig. 1, Table 1). In addition, there was an overall
decrease in the intermolecular f-sheet content in samples with
increasing zein content (Table 1).

It has been demonstrated that parallel and antiparallel $-sheets can

Intensity (AU)
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also be distinguished by FTIR spectroscopy. The band at ~1636 cm™!
has previously been assigned to both parallel and antiparallel p-sheets.
However, the presence of antiparallel p-sheets has been associated with
an additional high-frequency component between ~1685 and 1695
cm ! (Cerf et al., 2009). The second derivative FTIR spectra of all dough
samples showed two peaks located at 1636 and 1684 cm ™! which can be
assigned to intramolecular antiparallel p-sheets (Fig. 1). The FT-Raman
spectra of dough samples also showed the presence of three bands at
1676-1696 cm ™! assigned to antiparallel B-sheets (Fig. 2), according to
literature (Nawrocka et al., 2016, 2017). These bands can indicate the
formation of hydrogen bonds within gluten and zein proteins, mostly in
the form of antiparallel p-sheets.

3.1.2. Changes in disulfide bridge conformations

The disulfide SS stretch bond appears in the 490-550 cm ™! region of
the Raman spectra. It provides information about the structural/
conformational changes in disulfide bridges (Zhou et al., 2014). Three
different conformations can be found depending on the different
conformational states of C-S-S-C atoms, i.e., SSg.q.; (496-513 em™h),
SStg-g (514-527 cm™), and SSy.q.¢ (527-548 cm™) (Pfeuti et al., 2019).
Table 2 summarizes the results obtained from the deconvolution
focusing on the disulfide bridges in the zein-gluten dough samples.
Fitted spectra of the SS bond spectral region (490-550 cm™!) and the
band profile of the Gaussian components of the SS region for all dough
samples are presented in the supplementary data (Figs. S3a-e). The
conformational analysis of the disulfide bridges detected in spectra of
20:0 gluten:zein dough samples showed seven bands. These were
located at 496, 501, and 508 cm ™! (SSg.g.¢), 516, and 522 cm ™! (SS¢g-g),
and 528 and 534 cm ! (SSt.g.). The proportions of the g-g-g, t-g-g, and
t-g-t conformations for the 20:0 gluten:zein samples were 41 + 0, 36 +
0, and 23 + 1%, respectively. Similar results have been previously re-
ported for wheat gluten (Nawrocka et al., 2015, 2016), indicating the
prominent contribution of g-g-g and t-g-g in disulfide bridge confor-
mation in gluten proteins. As shown in Table 2, the addition of zein
caused a significant (p < 0.05, Fig. S4) decrease in the number of SS
bonds in the g-g-g conformation while the number of disulfide bridges in
the t-g-t conformation increased. The 0:20 gluten:zein dough sample
contained 26 £+ 5, 33 £ 6, and 41 + 1% of disulfide bridges in g-g-g,
t-g-g, and t-g-t conformation, respectively. The band at around 515 cm ™!
is assigned to the formation of intrachain disulfide bonds (in t-g-g
conformation) (Ferrer et al., 2011) and was present in all dough sam-
ples. The disappearance of this band has been attributed to intrachain
disulfide bonds cleavage (Nawrocka et al., 2016a,b,c). This effect was
not observed in any of the dough samples in this study.
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Fig. 1. Deconvoluted amide I bands (1600-1700 cm™!) and their second derivatives of FTIR spectra of gluten/zein dough samples (g:z stands for gluten:zein
proportions). Band assignments are based on Piccirilli et al. (2015), Nawrocka et al. (2017), Ruminska et al. (2020), Nawrocka et al. (2016a,b,c), and Zhou et al.

(2014) studies.
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Fig. 2. Deconvoluted amide I bands (1600-1700 cm ™) and their second derivatives of FT-Raman spectra of gluten/zein dough samples (g:z stands for gluten:zein
proportions). Band assignments are based on Piccirilli et al. (2015), Nawrocka et al. (2017), Ruminska et al. (2020), Nawrocka et al. (2016a,b,c), and Zhou et al.

(2014) studies.

Table 1
Relative amount of protein secondary structures in gluten/zein dough samples determined by peak fitting of the amide I in FTIR and FT-Raman spectra.
Dough samples Secondary structures (%) Method
Gluten:Zei
uten:zem a-helix B-sheet B-turn Random coil
Total Intermolecular Intramolecular
20:0 41 +3 48 £ 2 74+£5 15+5 11+1 0 FTIR
35+1 58 +6 15+1 0 FT-Raman
15:5 38+2 46 + 3 63+1 26 £5 16 +2 0 FTIR
33+7 42 +1 30+1 0 FT-Raman
10:10 38+1 44 +1 53+ 4 41 + 4 18+ 2 0 FTIR
31+4 39+1 28+7 0 FT-Raman
5:15 42+0 44 +0 56 +1 38+1 14+0 0 FTIR
38 +11 47 +1 20+ 3 0 FT-Raman
0:20 32+ 4 57 +2 40 +7 53+8 11+1 0 FTIR
36 +3 56 £ 0 12+3 0 FT-Raman

The analysis of variance of these data are available in supplementary file (Fig. 52).

Table 2

Proportion of disulfide bridge conformations (gauche-gauche-gauche (SSq.¢.¢),
trans-gauche-gauche (SS..¢.¢), and trans-gauche-trans (SS;.;.) in percentage and
analysis of aromatic amino acid environment- Tyr (Ig50/Ig30- of the FT-Raman
spectra for zein and gluten dough samples.

Gluten:Zein Peak SSq. Peak SS,. Peak SS,. Igs0/
proportion max. o8 max. g8 max. gt Is30
(SSggg) (%) (SStgg) (%) (SSeg0) (%)
(em™) (em™) (em™)
20:0 496, 41 516, 36 528, 23 1.43
501, 508 +0 522 +0 534 +1 +
0.23
15:5 497, 33 516, 45 529, 22 0.92
504, 508 +3 525 +0 534, +2 +
540, 0.15
543
10:10 499, 40 515, 38 533, 21 0.52
504, 508 +1 521, +1 540, +3 +
524, 544 0.20
527,
5:15 499, 27 515, 34 528, 39 0.79
504, 508 +0 521 + 4 535, + 4 +
543 0.16
0:20 500, 26 515, 33 527, 41 0.68
505, 510 +5 522 +6 534, +1 +
541, 0.06
548

The analysis of variance of these data are available in supplementary file (Fig. S4
and Fig. S6).
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3.1.3. Changes in the Tyr environment

The Tyr doublet bands located at 830 and 850 cm ™! in the FT-Raman
spectra are useful to monitor the microenvironment around Tyr resi-
dues. Tyr doublet bands arise from the Tyr ring vibration. The intensity
ratio of the Tyr ring vibrations at 850 and 830 em ! (Iss50/1g30) is pro-
portional to the number of “exposed” vs. “buried” Tyr residues and holds
information about the hydrogen bonding capacity of the phenol hy-
droxyl group (Yada and Jackman, 2012). If Ig50/Ig30 > 1, the Tyr resi-
dues are most likely located on the surface of the protein network, and
the phenolic OH will be simultaneously an acceptor and donor of
moderate to weak hydrogen bonding. If Ig5¢/Ig3p < 1, the Tyr residues
are likely to be fully or partially buried inside the protein structure, and
the phenolic hydroxyl is the proton donor in a strong hydrogen bond
(Yada and Jackman, 2012). As shown in Table 2 and Fig. S5, the value of
Igs0/Is30 for 20:0 gluten:zein dough sample was 1.43 + 0.23%, similar to
those calculated in previous studies (Ferrer et al., 2011; Nawrocka et al.,
2015, 2016) for gluten proteins. The Igso/Ig3o value for the 0:20 gluten:
zein sample (0.68 + 0.06%), however, was significantly (p < 0.05,
Fig. S6) smaller.

3.2. Fluorescence spectra analysis of zein or/and gluten dough samples

The fluorescence spectra of Trp in the zein-gluten dough samples
obtained using front-face mode are presented in Fig. 3a. Increased zein
content resulted in a progressive bathochromic shift of the Trp fluores-
cence maximum (Table S1). The Trp peak wavelength shifted from 351
nm in 20:0 gluten:zein to 365 nm in 5:15 gluten:zein dough samples
(Table S1). The position of the peak maximum in Trp fluorescence can be
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Fig. 3. (a) Fluorescence spectra of dough samples prepared with different proportions of zein and gluten (g:z stands for gluten:zein) excited at (a) 295 nm and (b)
280 nm (Aey = 300-425 nm). (c¢) Fluorescence spectra of ThT in dough samples with different proportions of zein and gluten excited at 440 nm (Aey, = 460-550 nm).
(d) Fluorescence spectra of dough samples prepared with different proportions of zein and gluten excited at 350 nm (Aey, = 390-550 nm).

related to the chemical environment of the Trp side chain (Fig. 4a),
which will be further discussed in the Discussion section. The Trp peak
intensity as a function of gluten concentration is presented in Fig. S7. As
expected, the intensity of Trp (349-365 nm) increased at higher gluten
concentrations at both excitation wavelengths (i.e., 280 & 295 nm),
which is consistent with the fact that zein is deficient in Trp (Delcour and
Hoseney, 2010). Thus, the Trp fluorescence emission originates solely
from gluten proteins.

The emission spectrum of dough samples excited at 280 nm was also
obtained to analyze both the Tyr and Trp residues contributions. As
shown in Fig. 3b, the 20:0 gluten:zein emission spectrum exhibits one
peak at around 350 nm, assigned to Trp, while the Tyr fluorescence
signal (expected between 305 and 330 nm) is not detectable, most
probably due to energy transfer between Tyr and Trp residues.
Quenching of the Tyr fluorescence emission due to Forster resonance
energy transfer (FRET) by nearby Trp allows assessing protein confor-
mation and its changes during processes such as denaturation. FRET can
occur between fluorophores that have overlapping excitation and
emission spectra, as is the case between these amino acids. FRET only
occurs when the two residues are within the Forster distance from each
other, which is lower than 26 A for Tyr and Trp (Fig. 4b) (Lakowicz,
2013). The fluorescence spectra of dough samples containing both
gluten and zein exhibit a detectable Tyr peak (305-330 nm). The Tyr
fluorescence emission, hence, is not as efficiently quenched by the Trp
residues in these samples (Fig. 3b).
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3.3. ThT fluorescence emission and fibril formation in zein or/and gluten
dough samples

Previous studies have suggested that zein fibrillation is feasible and
can be obtained under specific circumstances (e.g., changes of solvent
polarity) (An et al., 2016; Erickson et al., 2012). ThT fluorescence
emission has been used as an indicator of the presence of fibrils in sys-
tems with amyloid and non-amyloid forming proteins. The interaction of
ThT with p-sheet rich structures was used as an indication for the
occurrence of fibrillation in dough samples in this study (Biancalana and
Koide, 2010). The p-sheet rich fibrils tend to be straight, unbranched,
and ribbon-like fibrils with length of >1 pm and diameter of 10-20 nm
(Biancalana and Koide, 2010; Krebs et al., 2005). They share a common
internal structure called “cross -sheets” consisting of laminated B-sheets
(stabilized with H-bonds) whose strands are arranged perpendicular to
the long axis of the fibrils (Krebs et al., 2005) (Fig. 4c). The surface of the
cross-p-sheets forms the ThT-binding sites, which consists of
channel-like motifs (Biancalana and Koide, 2010). As shown in Fig. 3c,
the ThT fluorescence intensity progressively increased by adding zein to
the dough system, possibly due to the formation of more p-sheet rich
fibrils in samples with a higher amount of zein. This is in line with the
FTIR secondary structure analysis showing an increase in f-sheet con-
tent with increasing proportion of zein in the dough samples (Table 1).
Similar results have been obtained by Erickson et al. (2020a), who re-
ported an increase in ThT fluorescence intensity at increasing p-sheet
secondary structure percentages in zein-ethanol solutions. An et al.
(2016) also observed an increase in ThT fluorescence intensity by
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Fig. 4. (a) Graphical illustration of solvent effect on Trp residues (Adapted from Lakowicz (2013)). (b) Schematic representation of Forster Resonance Energy
Transfer (FRET) from zein tyrosine (Tyr) residues to gluten tryptophan (Trp) residues. (c) Structure of Thioflavin T (ThT) and schematic diagram of protein
fibrils-ThT interaction based on Biancalana and Koide (2010). (All graphics were created with BioRender).

fibrillation of a-zein upon thermal incubation. The 20:0 gluten:zein
samples also presented a weak ThT fluorescence emission. It has been
reported that gluten, to some extent, also forms protein fibrils (Delcour
et al., 2012) which might be the reason for this observation.

Erickson et al. (2020) recently showed that the presence of non-fibril
dense f-sheet structures could also lead to the observed increase in ThT
emission intensity. However, the fluorescence emission of dough sam-
ples excited at 280 nm (Fig. 3b) shows the presence of a hump at around
425 nm, which has been previously attributed to the formation of highly
structured B-sheet fibrils that promote proton channeling (Pinotsi et al.,
2016). To further evaluate this peak, the different dough samples were
excited at 350 nm (Fig. 3d). Interestingly, in all samples, an emission
peak at around 420-440 nm was observed, which had a higher intensity
in pure zein dough (0:20 gluten:zein) than that made with pure gluten
(20:0 gluten:zein). This provides additional evidence of the formation of
pB-sheet rich fibrils that facilitate proton channeling, which will be
further discussed in the Discussion section.

3.4. Microscopic analysis of zein or/and gluten dough samples

Fig. 5 shows representative images of the dough microstructures
obtained with Cryo-SEM. SEM micrographs revealed the formation of
two distinct networks in the pure zein and gluten dough systems
(identified by arrows). In the gluten-only (i.e., 20:0 gluten:zein) dough
sample (Fig. 5A-C), a continuous gluten network has been observed,
which coats all the starch granules (white arrows). It can be seen that
gluten proteins form a sheet-like structure that surrounds the starch
granules. Similar observations have been reported before (Bache and
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Donald, 1998; Gao et al., 2017) for gluten dough samples. Upon the
addition of zein to the gluten dough system, a new type of fibrillar
network started to appear (Fig. 5D-F). As can be seen for the 10:10
gluten: zein dough samples (Fig. 5G-I), this fibrillar network (yellow
arrows) coexists with the sheet-like gluten structure (white arrows) in
the dough system. By increasing the zein concentration, these protein
fibrils become wider in diameter (Fig. 5J-O) and are possibly responsible
for the extensibility and viscoelastic behavior of zein dough (Lawton,
1992). The presence of protein fibrillar structures in the zein-starch
dough has also been observed in previous studies (Bugusu et al., 2002;
Lawton, 1992; Ncube et al., 2022). Bugusu et al. (2002) stated that zein
proteins tend to form a finer network compared to that of gluten based
on their CLSM measurements. This is in line with the observation for
15:5 gluten:zein (Fig. 5D-F) and 10:10 gluten:zein (Fig. 5G-I), indicating
the presence of a thinner zein network compared with gluten. The ratio
of zein and gluten in these samples is similar to those in the Bugusu
et al.’s (2002) study. However, as shown in SEM micrographs for 0:20
gluten:zein (Fig. 5SM-0), zein fibrils have lengths of >80 pm. This might
suggest that the size of zein fibrils could be concentration-dependent,
and they might form longer and wider fibrils at higher zein concentra-
tions. Ncube et al. (2022) observed distinct fibrils with diameters
varying between 20 and 500 pm in zein composite doughs. More mea-
surements are needed to further support this assumption.

3.5. SE-HPLC analysis of dough samples

SE-HPLC provides information on the degree of covalent cross-
linking in the dough system. As shown in Fig. 6a, the 20:0 gluten:zein
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Fig. 5. SEM images of dough samples containing different ratios of gluten:zein; (A-C) 20:0 (D-F) 15:5 (G-I) 10:10 (J-L) 5:15 (M-O) 0:20. The white arrows point to
the gluten protein network, and the orange arrows show the zein protein fibrils. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

sample showed the highest signal intensity in high molecular weight
SDS-extracted fraction (F1). This HMW fraction is related to dough
elasticity and strength (Cao et al., 2021) and its intensity decreased by
increasing zein content (Fig. 6a). This is in line with the fact that gluten
proteins contain the HMW glutenin polymers which are absent in the
zein proteins. The fractions F3b, F4, and F5 would mainly consist of low
molecular weight fractions including smaller gliadin monomers, zein
monomers and some soluble proteins. Zein-containing samples seemed
to have more of these low molecular weight fractions in the SDS-dough
extract.

By addition of DTT and urea in the SDS extraction buffer, the
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disulfide bridges are reduced, and hydrogen bonds will be broken. Not
surprisingly, a larger fraction of the proteins now eluted at later reten-
tion times as their molecular weight was significantly reduced. The
reducing effect of DTT completely annihilated the fraction of large
polymers eluting between 6 and 9 min (Fig. 6b). As these higher mo-
lecular weight fractions consisted of glutenin polymers linked through
disulfide bonds, this result was expected. However, even after reducing
disulfide bonds and breaking non-covalent bonds, the gluten still con-
tained the higher molecular weight fractions (F1 and F2), while zein was
enriched in the lower molecular weight fractions (F3 and F4) (Fig. 6b).
This is in line with the molecular weights reported for gluten (e.g. 30-60
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Fig. 6. Molecular weight distribution of proteins extracted from zein and/or gluten dough samples using SDS-containing buffer (a) and SDS-DTT-urea-containing
buffer (b) analyzed by size exclusion chromatography (g:z stands for gluten:zein proportions).

kDa for LMW glutenin subunits and gliadin, and ~80 kDa for HMW
glutenin subunits) and a-zein (19-22 kDa) (Delcour and Hoseney,
2010).

In addition, the ‘theoretical’ chromatograms of gluten-zein dough
mixtures (15:5, 10:10, and 5:15 gluten:zein) were calculated based on
the individual zein and gluten chromatograms and subsequently
normalized to facilitate chromatogram comparisons (Fig. S8). For the
15:5 gluten:zein sample (Fig. S8a), with the chromatograms normalized
on the (higher) left peak in the F3 fraction, higher peaks appeared for
both higher molecular weight components (F1 and F2 fractions) and
lower molecular weight components (right peak in F3 and F4) in the
experimental data chromatograms relative to what the theoretically
calculated chromatograms predicted. This may indicate that combining
zein and gluten does lead relatively to some minor cross-linking between
the proteins and also caused some de-aggregation. It is possible that the
presence of zein hinders to some extent, gluten aggregation/network
formation. The 10:10 gluten:zein sample chromatograms (normalized
on the (higher) right peak in the F3 fraction) had a relatively higher
fraction of the high molecular weight components (F1, F2 and F3) in the
theoretically calculated chromatograms than experimental chromato-
grams (Fig. S8b). This seems to suggest that combining zein and gluten
may alter the aggregation of the (gluten) proteins, hence, leading to a
lower fraction of high molecular weight proteins (Fig. S8b). The
experimental data chromatograms for 5:15 gluten:zein showed the same
effect but much less outspoken (Fig. S8c).

4. Discussion

B-sheets are the dominant secondary structure in all studied dough
samples. p-Sheet structures are stabilized by inter- or intramolecular
hydrogen bonds and are usually found in the interior of folded protein
molecules. This conformation facilitates embedding hydrophobic amino
acids within the core of proteins (Wang et al., 2014). In addition, due to
its relatively large surface area available for an ordered hydrogen bond
formation, p-sheet structures may play an important part in the forma-
tion of protein fibrillar aggregates and have been reported to be the
signature structural feature of protein fibrils (Erickson et al., 2012; Krebs
et al., 2005; Pinotsi et al., 2016). It has been suggested that zein proteins
tend to form insoluble B-sheet rich fibrils in a dough system which are
responsible for the viscoelasticity of zein polymers (Chen et al., 2021;
Erickson et al., 2012, 2020a; King et al., 2016; Taylor et al., 2013). The
formation of fibrils by zein proteins in the here studied dough systems
was supported by ThT fluorescence experiments. ThT fluorescence in-
tensity increased with increasing zein concentration (Fig. 3¢) and should
be proportional to the concentration of bound ThT to fibrils and fibril
length (Krebs et al., 2005). The results point to the presence of a higher
structured fibrillar network with zein addition to the dough samples,
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providing more binding sites for ThT (Biancalana and Koide, 2010). The
ThT fluorescence intensity has been reported to be positively correlated
with the percentage of B-sheet secondary structure (Erickson et al.,
2020a). The B-sheet structures in protein fibrils are likely interconnected
and stabilized by a dense network of hydrogen bonds (Fig. 4c) (Pinotsi
et al., 2016). The formation of these dense H-bonds was also supported
by the fluorescence emission spectra of dough samples excited at 280 nm
(Figs. 3b) and 350 nm (Fig. 3d), as explained in the results section. It has
been reported that the formation of an extensive hydrogen bond
network within B-sheet rich fibrils enables proton transfer and decreases
electron excitation energy requirements resulting in intrinsic fluores-
cence emission (Pinotsi et al., 2016). The 0:20 gluten:zein samples
showed a higher intensity at ~420 nm compared with 20:0 gluten:zein
(Fig. 3d), further supporting the formation of more p-sheet rich fibrils in
zein-rich dough samples. In addition, the length of zein fibrils clearly
increased at higher zein concentration, according to SEM images
(Fig. 5). We might not be able to directly relate the fibril formation by
zein proteins to the fibril structures observed in SEM images, but these
B-sheet rich fibrils may be a contributing factor to the increased length
and diameter of the fibrils observed in the zein-rich dough samples
(Fig. 5).

The cross-p-sheet structure in fibrils (Fig. 4c¢) consists of parallel and/
or antiparallel p-sheets (Krebs et al., 2005). However, based on the
presence of multiple antiparallel B-sheet peaks observed in FTIR and
FT-Raman spectra of zein-rich dough samples (Figs. 1 and 2), we can
assume that antiparallel f-sheet structures probably had a more prom-
inent contribution to the cross-p-sheet architecture in fibrils formed by
zein proteins (Fig. 4c). Hydrogen bonds in antiparallel p-sheets are
slightly more stable than those in parallel f-sheets due to the more
optimal (linear) hydrogen-bonding pattern. It is worth noting that
hydrogen bonds are one of the main forces in zein network formation,
while disulfide bonds seem to play a more important role in gluten
network formation (Delcour et al., 2012).

Detailed analysis of IR and Raman spectra also showed the dominant
presence of intermolecular f-sheets in gluten-rich dough samples, which
decreased steadily upon addition of zein (Table 1). According to Zhou
et al. (2014), increased water levels promote the formation of
protein-water hydrogen bonds, leading to a simultaneous decrease in
protein-protein interchain hydrogen bonds and, hence, intermolecular
B-sheets in the gluten network. It can be assumed that the lower
water-binding capacity of zein compared with gluten resulted in more
available water in the gluten-zein dough samples. This would have
promoted the formation of more water-protein hydrogen bonds and
decreased the intermolecular p-sheet content. Intramolecular B-sheets
are likely less affected by the higher level of free water as the hydro-
phobic cores of intramolecular f-sheets are less accessible for water. The
presence of more available water in zein-dominated dough samples was
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further supported by the significantly (p < 0.05) higher syneresis values
of the 0:20 gluten:zein sample (3%) compared to the syneresis of the
20:0 gluten:zein sample (0%) (Fig. S9). The higher water availability in
the zein-rich dough samples may also have resulted in a red-shifted Trp
emission in the fluorescence spectra of dough samples (Fig. 3a,
Table S1), likely indicating the exposure of Trp residues to a more hy-
drophilic environment. In polar solvents, the fluorescence emission of a
single fully solvent-exposed Trp molecule typically exhibits a bath-
ochromic or red-shift, while, in nonpolar environments the Trp fluo-
rescence emission typically exhibits a hypsochromic or blue-shift
(Fig. 4a) (Bonomi et al., 2004; Lakowicz, 2013). In this study, gluten
was the only protein-containing Trp as zein is Trp-deficient. The results
suggest that the Trp residues were increasingly exposed to a more hy-
drophilic environment when more zein was included in the protein
fraction. There could indeed be more free water available for gluten
(Trp) in samples with higher zein contents due to the higher hydro-
phobicity of zein and its lower water-binding capacity relative to gluten
(Shukla and Cheryan, 2001). However, the Trp emission signal that is
measured is a cumulative signal of different Trp residues present in
different environments in the complex sample, and caution has to be
taken not to enroll in overinterpretation of these data. In addition to the
effect of higher water availability on intermolecular f-sheet structure
content, zein lacks the proteins and protein analogues that are at the
basis of the intermolecular B-sheet structures in gluten, i.e., the HMW
glutenin subunits (Mejia et al., 2007). This could be another factor
limiting ’zein’s propensity to form intermolecular f-sheets.

While disulfide bridges play a crucial role in the formation of a gluten
network (Nawrocka et al., 2017), they are likely less critical in zein
network formation due to the low number of cysteine residues in this
protein (Delcour and Hoseney, 2010). This is supported by HPLC results
where similar chromatograms were observed for zein-only samples with
and without DTT (Fig. S10a), while gluten showed a different profile
under reduced and non-reduced conditions (Fig. S10b). Hydrogen bonds
and the hydrophobic effect are the main drivers in the formation of
zein’s viscoelastic state (Delcour and Hoseney, 2010). The analysis of
the disulfide region (490-550 cm ™) showed that the majority of disul-
fide bonds in the 20:0 gluten:zein samples are in the g-g-g conformation
(Table 2). The majority of the cystine linkages in proteins are reportedly
in this most stable g-g-g conformation. Stable disulfide bridges are
crucial to the stability of the gluten protein network (Zhou et al., 2014).
Addition of zein to the dough system considerably increased the amount
of t-g-t conformation at the expense of g-g-g conformation (Table 2).
According to Zhou et al. (2014), protein water absorption is directly
related to the formation of the stable disulfide bond conformation
(g-g-g). Under high hydration levels, disulfide bridges tend to adopt a
g-g-g conformation (Nawrocka et al., 2017). The syneresis experiment
(Fig. S9) and previous research (Delcour and Hoseney, 2010) already
pointed to the inferior water-binding capacity of zein. Cysteine residues
in zein will most probably, in line with the more hydrophobic nature of
this protein, be less hydrated, which could explain that the disulfide
bonds in zein samples tend to adopt the less stable t-g-t conformation.
The decrease in the number of g-g-g conformation upon addition of zein
can also be due to the displacement/disruption of gluten polypeptide
chains as a result of zein addition (Zhou et al., 2014). The SE-HPLC
results also showed a potential effect of zein on gluten aggregation
(Fig. S8).

The fluorescence spectra of zein-containing dough samples consis-
tently included a Tyr peak (305-330 nm), even in those samples con-
taining 15:5 gluten:zein (Fig. 3b. In the 20:0 gluten-zein samples,
however, very efficient Tyr fluorescence quenching occurs through Trp
as no Tyr peak is seen in the spectra of these samples (Fig. 3b). In
addition, the proportion of Tyr:Trp in the protein fraction of dough
samples increases with increasing zein content which will result in a
more prominent Tyr signal in zein-rich samples. These data might sug-
gest that two distinct network structures composed of gluten and zein
are formed, which is in line with CLSM results by Bugusu et al. (2002).
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The SE-HPLC results (Fig. S8) also showed no significant aggregation
occurred in the dough system by mixing zein and gluten proteins which
supports the idea that these two proteins probably did not significantly
interact or mix with each other. Quite conversely, the addition of zein to
gluten dough seemed to rather decrease protein aggregation. In addi-
tion, FT-Raman results showed that the Ig59/Ig3p value in the samples
containing zein is smaller than 1, suggesting that zein contains more
buried Tyr residues compared to gluten. The seemingly more
water-exposed (surface-positioned) gluten Trp residues and more
buried, less hydrated zein Tyr residues in gluten-zein dough samples
support that these residues are not in close proximity of each other. The
higher values of the Tyr doublet in the Raman spectra in the 20:0 gluten:
zein dough sample indicate that the hydrogen bonds in which the Tyr
OH groups are involved in the gluten samples are stronger than those
found in the zein network. This is in line with the higher amount of
strong hydrogen-bonded intermolecular p-sheet structures in gluten
(Table 1). This Igso/Ig3g value suggests the exposure of gluten Tyr resi-
dues (alongside the Trp residues) at the protein surface and their
possible involvement in the formation of intermolecular
hydrogen-bonded f-sheet structures (Ruminska et al., 2020).

By adding zein to the system, a decrease in intermolecular f-sheet
structures has been observed (Table 1), and a more unordered confor-
mation of the protein network is anticipated. This is consistent with the
obtained SEM images in which the continuity of the film-like gluten
network was disrupted by the incorporation of zein into the dough
system (Fig. 5). This results in a less compact gluten structure, a hy-
pothesis also supported by the decrease in intermolecular B-sheet
structures upon addition of zein to the dough systems. The disruption of
the compact gluten network upon adding zein to the system is also in
line with all the analysis results pointing to more (gluten exposure to)
free water in the system.

It has been shown that zein forms fibrillar protein aggregates in its
viscoelastic dough state (Erickson et al., 2012; Guo et al., 2005; Ncube
et al.,, 2022). The mechanism for zein’s fibrillation and aggregation
behavior is not completely understood at present, but it seems to be
incompatible with the gluten aggregation behavior. The higher hydro-
phobicity of zein compared with gluten seems to be a driving factor for
enhanced interactions among these molecules to form of fibrils (Ncube
et al., 2022). Self-assembly of p-sheet rich fibrils is one of the models
proposed to explain zein’s aggregation behavior (Chen et al., 2021;
Erickson et al., 2012). These p-sheet rich fibrils (Erickson et al., 2012)
can be used as the basis for the development of viscoelastic aggregates in
zein-containing dough samples. However, the gas retention capacity of
these fibrils should be further investigated as they might not have the
same ability as the film structures observed for gluten proteins.

5. Conclusions

The present study provides complementary submolecular, molecu-
lar, supramolecular, and microstructural information on dough struc-
tures made with zein and gluten proteins. Zein, with its lower water-
binding capacity, may increase the available water content in the
dough samples, creating a more hydrophilic environment for the gluten
proteins, leading to a weakening of the intermolecular $-sheet structure,
increased exposure of cystine, Trp, and Tyr residues to water, and more
pronounced syneresis of the zein-containing dough samples. Further-
more, zein and gluten do not seem to interact tightly with each other.
The formation of two ‘separate’ protein network structures is likely and
supported by Tyr quenching experiments, SEM analysis, and SE-HPLC
results. Zein is known to form more fibrillar structures, while gluten
upon hydration and shear forms film-like structures. The nature of the
formed gluten-zein protein network and hypothesized protein in-
compatibility upon dough formation requires further investigation.
However, the obtained information in this study demonstrated the
suitability and complementarity of spectroscopy techniques to study
complex cereal systems in a non-invasive way.
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