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The fundamental principles behind the complexity of protein assembly, especially in mixed protein systems and
crowded environments, remain elusive. This study provides molecular, structural, and viscoelastic insights into
the aggregation and gelation processes in aqueous solutions of pure and mixed p-lactoglobulin and albumin whey
albumin proteins. To better understand protein aggregation in complex systems, we used a multi-technique approach that
UV resonance Raman spans from molecular to macroscopic length scales. Our results show that, under low pH and heat denaturation,
FTIR B-lactoglobulin tends to form ordered amyloid-type aggregates, while bovine serum albumin forms non-amyloid
SAXS aggregates. In crowded environments, all protein solutions tested develop composite gel networks with distinct
HD-TG molecular origins. Here the ability to control the amyloid aggregate content, which has a substantial effect on the
structural and viscoelastic properties of these composite gels, has been demonstrated. Gel structure and viscosity
are crucial parameters to control for the food industry, as they play a key role in determining the softness and

texture of food products.

1. Introduction

Alterations of the physiological environment where proteins main-
tain their native conformation can induce protein denaturation due to
the exposition of specific moieties able to establish intermolecular in-
teractions to form aggregates (Catalini et al., 2021, 2022, pp. 183-225;
Dobson, 2004). Understanding and controlling the molecular steps of
aggregation in view of the development of soft materials with specific
properties is an exceptionally challenging task, especially in mixed
systems. In vivo, proteins never exist as isolated molecules, but they are
immersed in crowded mixed environments where they fulfill their
functions alongside other proteins and biomolecules (Alfano et al.,
2024). A comparison of these concentrations across different organisms
provides a 300-400 mg/mL range for E. coli and reports lower values for
other organisms, with the lowest concentration being 9 mg/mL in rat
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kidney (Model et al., 2021). Thus, protein aggregation in the cell cyto-
plasm and in food products always occurs in crowded and heteroge-
neous conditions (Iwashita et al., 2017; Yan et al.,, 2008). The
aggregation of food proteins, plays a crucial role in various food pro-
cessing and cooking techniques, influencing texture, stability, and sen-
sory characteristics (Mezzenga & Fischer, 2013; Zhu et al., 2022).
Additionally, protein aggregation can impact the digestibility and
nutritional quality of food, since aggregated proteins can alter digestive
enzymes accessibility (Qin et al., 2024), influencing their bioavailability
(Zhang et al., 2023). In particular, the possibility of employing amyloid
fibrils as safe food ingredients has been recently evidenced (Xu et al.,
2023). Understanding and controlling biomolecules interactions,
whether they are small molecules (Zhao et al., 2024) or macromolecules,
are crucial in food properties and processing techniques to achieve the
desired quality. In food processes, protein aggregation can be easily
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induced by thermal treatment that promotes protein unfolding and both
specific (i.e. cross-p) and unspecific (i.e. hydrophobic) interactions.
Gelation, resulting in the formation of a percolating protein network,
occurs in the preparation of gelatins and certain dairy products. Whey
proteins, such as f-lactoglobulin (BLG) and bovine serum albumin
(BSA), are frequently utilized in food compositions for their capacity to
create gels, emulsions, and foams, along with their high nutritional
value (de Castro et al., 2017; Lazidis et al., 2016). Upon thermal treat-
ment, mixtures of whey proteins can form irreversible gels, which are
widely utilized in the food industry (Khalesi et al., 2021; Liu et al.,
2024). Recently, composite gels are considered whose features can be
effectively modulated by incorporating protein fibers within the
hydrogel matrix (Khalesi et al., 2021; Liu et al., 2024). The properties of
the composite gels ultimately depend on a complex interplay of inter-
molecular interactions, involving protein aggregates of various types
and hierarchical organization at different spatial scales.

The heat-set aggregation of whey proteins has been the object of
many investigations that concerned either the formation of amyloid fi-
brils in rather diluted conditions or the formation of particulate gels
(Cao & Mezzenga, 2019; Jansens et al., 2019; Nicolai, 2019). Protein
mixtures, involving BLG and BSA, have been also considered (Nicolai,
2019), showing that the partial substitution of BLG with BSA increases
the denaturation rate of BLG and modulates the gelation features of the
system (Ikeda & Morris, 2002; Kehoe et al., 2007). Nevertheless, the
formation of amyloid aggregates in highly concentrated samples has
been more rarely considered. Additionally, a molecular-level investi-
gation concerning the formation of amyloid aggregates in crowded whey
protein mixtures is still lacking, despite the relevant role these crowded
protein mixtures may play in food and material sciences. A protein so-
lution can be considered crowded when the average distance between
the van der Waals surfaces of the monomers is like the size of a single
protein (Laue, 2012). For instance, a serum albumin solution (pH = 7.5)
at concentrations larger than ca. 70 mg/ml is expected to meet these
conditions (Laue, 2012). The molecular crowding is expected to affect
protein aggregation and amyloid formation, mainly in connection to
excluded volume effects. Interestingly, it has been suggested that these
latter might favor or disfavor fibril formation depending on the aggre-
gation mechanism (Alfano et al., 2024).

Here, molecular and structural insights into the aggregation pro-
cesses of BLG and BSA mixtures were obtained at low pH in diluted and
crowded samples. In these conditions, both BLG and BSA tend to self-
associate, forming amyloid and amorphous aggregates, respectively.
Therefore, studying this mixture can also be useful for investigating
potential changes in amyloid formation and gelation when different
types of aggregation occur. In particular, aqueous solutions at pH 1.4
were examined at different BLG-BSA molar ratios, in a diluted regime
(total protein content of 20 mg/ml) when BLG amyloid fibrils are pro-
duced after a prolonged thermal treatment. Moreover, analogous mix-
tures were investigated in highly concentrated samples (total protein
content of 200 mg/ml). We have implemented various spectroscopic
techniques, including Fourier transform infrared (FTIR), circular di-
chroism (CD), and deep Ultraviolet Resonance Raman (UVRR) to pro-
vide molecular scale information, while small-angle X-ray scattering
(SAXS) was used to shed light on nanoscale structural details. The
viscoelastic properties of the system, which ultimately depend on mo-
lecular interactions and the branching of nanoaggregates structuring,
were examined using heterodyne transient grating (HD-TG) non-linear
spectroscopy. We demonstrate that composite hydrogels, composed of
amyloid aggregates of BLG and amorphous aggregates of BSA, can form
within reduced time scales in the crowded regime. The presence of BSA
does not affect the quantity of BLG amyloid aggregates but increases
their formation rate. The mechanical strength of the gels formed from
the different mixtures is related to the content of amyloid structures in
the system.
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2. Experimental section
2.1. Samples preparation

Lyophilized powders of p-lactoglobulin from bovine milk with a
purity >90% (Sigma Aldrich, L0130-5G) and bovine serum albumin
with a purity >96% (Sigma Aldrich, A2153-10G) are dissolved in
deuterium oxide (99.9% D, Sigma Aldrich) to create solutions with
varying protein concentrations and BLG-BSA molar ratios. Deuterated
water is used for FTIR absorption measurements because the bending
band of light water falls in the same spectral region as the amide signals,
obscuring them. In contrast, in deuterated water these vibrational fre-
quencies shift to lower values due to the increased molecular mass,
thereby clearing the spectral region of interest. To enable consistent
comparisons across all experimental data, we also used deuterated water
in other experiments, including CD, UVRR, SAXS, and HD-TG. The
diluted solutions are prepared by weighing the lyophilized protein
powders to achieve a total protein concentration of 20 mg/mL, with
variations in the molar ratio of BLG to BSA. Proteins are dissolved using
a vortex mixer, and the pH of the solution is adjusted by adding
deuterium chloride solution (2M) drop by drop to achieve a final pH of
2.0. Amyloid fibrils are generated from freshly diluted solutions placed
in glass vials and maintained at 85 °C for 52 h under magnetic stirring,
by adapting the protocol reported in literature (Heyn et al., 2019). For
concentrated samples (total protein content of 200 mg/mL), a vortex
mixer is utilized for protein solubilization, and the solution’s pH is
adjusted by adding deuterium chloride solution (2M) to achieve final pH
values of 1.4. Amyloid hydrogels are prepared from freshly concentrated
solutions and incubated at 85 °C for 2 h to obtain transparent gels.

2.2. FTIR

Infrared absorption measurements are conducted using a Bruker
spectrometer model Alpha FTIR. The spectra are acquired through the
Bruker Optics program Opus 7.5 and subsequently analyzed with Origin
2018 software. Samples are positioned in a custom-made cell equipped
with calcium fluoride (CaF3) windows, and the optical path length is
adjusted using Teflon spacers. Once the sample is inserted between the
windows, the cell is mounted inside a chamber controlled by a Peltier
system. Spectra are collected with a resolution of 2 cm™! by averaging 30
scans and are analyzed within the 1500-1700 cm™' spectral range. To
ensure consistency, the spectra are normalized by dividing each spec-
trum by the value of the amide I band area.

2.3. UVRR

UV Resonance Raman experiments were carried out at BL10.2-IUVS
beamline of Elettra Sincrotrone Trieste (Rossi et al., 2020, 2022, pp.
183-225). The exciting wavelength at 226 nm was provided by the
synchrotron radiation (SR) by adjusting the aperture of the undulator
gap and employing a Czerny-Turner monochromator (Acton SP2750,
focal length 750 mm, Princeton Instruments, USA) equipped with a
holographic grating with 3600 grooves/mm to monochromatize the
incoming SR. UVRR spectra are collected in a backscattered geometry
using a single-pass Czerny-Turner spectrometer with a 750 mm focal
length and a holographic grating with 1800 grooves/mm. The spectral
resolution was set at about 1.6 cm™'/pixel. Spectrometer calibration is
standardized using cyclohexane (spectroscopic grade, Sigma Aldrich),
which does not absorb UV within the wavelength range of interest. To
mitigate possible photodamage effects or sample heating, the power
radiation on the sample was kept at about 24 pW. Additionally, the
sample cell is continuously horizontally shifted during measurements.
Raman spectra of protein monomers, aggregates, and hydrogels are
acquired at room temperature, while the kinetics of hydrogel formation
are recorded at 85 °C. Temperature stability is maintained at a constant
value with a precision of +0.1 °C using a sample holder equipped with a
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thermal bath attached to a resistive heating system. UVRR spectra of
protein solutions are analyzed in the 1300-1700 cm™' spectral region
where the main signals of aromatic amino acids fall. For a better com-
parison the spectra have been arbitrarily normalized on the total in-
tensity of the tyrosine band at ~1611 cm™'.

2.4. CD

Circular dichroism spectra are recorded employing a Jasco J-810
polarimeter equipped with a plug-n-play single-cell Peltier with a stirrer
for temperature control. Samples are placed in 0.1 mm quartz cuvettes.
The spectra were recorded at room temperature. Each CD spectrum is an
average of 10 scans recorded in the range from 185 to 270 nm, utilizing a
scanning speed of 50 nm/min and a bandwidth of 2 nm. The measure-
ments are carried out under a consistent nitrogen flow, utilized to purge
the ozone generated by the instrument’s light source. For each CD
spectrum, the buffer alone (D,0) was subtracted from the corresponding
sample.

2.5. SAXS

SAXS analyses were conducted at the Austrian SAXS beamline in
Elettra Synchrotron, Trieste (Italy). A 16 keV energy X-ray beam irra-
diated the samples, and the 2D Pilatus3 1M detector measured the
scattered light in a q range from 0.09 to 8.1 nm™!. Three different con-
centrations of protein samples were measured, each requiring a different
sample holder. For higher protein concentrations (200 mg/mL solu-
tions), special glass capillaries of 80 mm length and 1.5/1.6 mm diam-
eter were used, loaded with a syringe. The measurements were
performed at room temperature, followed by placing the capillaries in a
thermal bath at a fixed temperature of 85 °C for 2 h to induce hydrogel
matrix formation. After cooling, measurements on gels were acquired.
To analyze other samples at diluted concentrations (20 mg/mL for so-
lutions and fibrils) and highly diluted samples with a total concentration
of 5 mg/mL to focus on a protein monomer, an autosampler was
employed. This system features an automatic arm with a pipetting
mechanism, moving over a PCR plate where pre-loaded samples are
situated. The arm extracts 20 pL of solution, places it between two
parallel windows, and conducts the analysis. An automatic cleaning
system is then activated, allowing the loading of a new sample drop
(Haider et al., 2021). The acquired data are processed using the average
function and background subtraction (of D20 solvent) through IgorPro
software, and the SasView program is employed for data fitting.

2.6. SEM

Field emission scanning electron microscopy (FE SEM) using the LEO
1525 instrument by ZEISS is employed to investigate the morphology of
the fibrils. A solution droplet is dispensed onto a silicon substrate using a
glass Pasteur pipette and left to dry at room temperature for 12 h.
Subsequently, the samples undergo metallization with an 8 nm chro-
mium layer before being examined through SEM. The measurements are
conducted with a 15 kV In-lens detector.

2.7. HD-TG

Heterodyne Transient Grating (HD-TG) is a time-resolved, non-linear
spectroscopy technique that employs both pulsed and continuous-wave
(cw) laser sources to investigate acoustic, structural, and thermal
relaxation processes. The HD-TG experiments were conducted at the
European Laboratory for Non-Linear Spectroscopy, University of Flor-
ence, and the complete scheme of the experiment has been described
elsewhere (Cucini et al., 2010a, 2010b; Taschin et al., 2006). In TG
experiments, the output of a 20 ps pulse, 10 Hz repetition rate Nd YAG
laser operating in the fundamental (1064 nm) is divided by a phase mask
into two pulses that interfere, generating an impulsive spatial

Food Hydrocolloids 161 (2025) 110863

modulation of the material’s optical properties, defined by the wave
vector q. A third beam (probe) of a 532 nm cw laser, is utilized to
monitor the time evolution of the induced modulation. By varying the
spacing of the grooves on the phase mask, different angles between the
exciting beams are produced, altering the g-vector in the sample. The
effects of q-vector values of 2.1 pm! is examined. A third cw laser beam
with a wavelength of 532 nm probes the time evolution of the transient
induced grating. The sample grating diffracts the probe beam, and the
resulting diffracted beam constitutes the experimental signal. The op-
tical setup includes a pair of achromatic doublets and a phase control
device that facilitates heterodyne detection through the beating of the
signal with a reference beam. A photodiode with a bandwidth of 1 GHz
measures the HD-TG signal after optical filtering. The signal is amplified
and recorded using a digital oscilloscope with a bandwidth of 7 GHz.
Each signal is an average of 1000 records, ensuring a high
signal-to-noise ratio. The samples are retained directly in the cuvette,
placed in a copper cell holder, and coupled to a thermostat and a ther-
mocouple for temperature feedback. The parameters discussed in the
manuscript include the speed of sound (C) and the damping rate (T'a),
both extracted from the oscillating part of the HD-TG signal (Catalini
et al., 2019). The speed of sound is calculated as C; = wa/q, and the
damping rate is calculated as 'y = 1/7ta. The parameters wa and ta are
the angular frequency and the damping time of the acoustic wave
oscillation and q is the scattering vector imposed by the experimental
geometry. The uncertainty associated with Cs is 0,1% and that associ-
ated with T's is 1%, both are related to the fitting procedure.

3. Results and disussion
3.1. Amyloid fibrils in diluted regime

3.1.1. Molecular interactions and conformation

In the low concentration regime (total protein amount 20 mg/mL), a
molecular characterization of the protein solutions was conducted using
three distinct spectroscopic techniques: FTIR, CD and UVRR. The results
obtained are reported in Fig. 1. For each protein solution, we compare
the spectra collected at room temperature, both before and after the
thermal treatment used to produce the amyloid fibrils, as described in
paragraph 2.1.

The FTIR spectra of the analyzed protein mixtures are depicted in
Fig. 1la—e in the spectral range where the distinctive amide I (AI) and
amide II (AII) bands fall. The AI band, attributed to carbonyl stretching
vibration, appears around 1650 cm!. The spectral variations of this
signal can be correlated with the modifications of the secondary struc-
ture of the proteins. All the spectra are arbitrarily normalized to the Al
band area. The AIl band, associated with CNH bending vibration, is
observed at approximately 1550 cm ™! for the BLG sample. When the
proteins are dissolved in deuterium oxide (D20), the deuterium atoms
(D) replace the amide hydrogen atoms (H) through an exchange process,
thereby altering the AIl band frequency. However, when BLG maintains
its globular state, only the exposed H atoms undergo exchange, resulting
in a residual AIl band intensity (black curve in Fig. 1a). Following
thermal treatment, the AIl band disappears (red curve in Fig. la),
because BLG has undergone a folding transition. Furthermore, this
thermal treatment causes the appearance of a new band at 1618 cm™,
indicating the formation of specific intermolecular cross-p interactions
characteristic of amyloid-type aggregate structures (Catalini et al., 2021,
2022, pp. 183-225; Dobson, 2004; Foley et al., 2013; Venturi et al.,
2023).

Concerning UVRR, we employed a 226 nm excitation wavelength,
leading to a selective enhancement of signals associated with aromatic
amino acids, i.e. Tyrosine (Tyr), Tryptophan (Trp), and Phenylalanine
(Phe) (Ahmed et al., 2005; Asher et al., 1986; Chi & Asher, 1998a). In
the present case, two specific bands related to Trp and Tyr are consid-
ered (Ahmed et al., 2005; Asher et al., 1986; Chi & Asher, 1998a, 1998b;
Lopez-Pena et al., 2015). The first, situated at about 1611 cm‘l,
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Fig. 1. FTIR absorption spectra normalized to the area of amide I band (a—e), UVRR scattering spectra normalized to the intensity of the tyrosine band (f-1) and CD
absorption spectra(m-q) of monomers and aggregates of the pure BLG and BSA solutions and their mixtures at different molar ratio keeping fixed the total protein
concentration at 20 mg/mL. Spectra of monomers (black line) and aggregates (red lines) are recorded at room temperature. The experimental spectra of the mixtures
are plotted as open black circles (labeled ’exp. mon.” for the experimental spectra of monomers) and open red triangles (labeled ’exp. agg.’ for the experimental
spectra of aggregates). The curves from the linear combination of the pure proteins are overlaid on the experimental data, labeled comb. mon.” and *comb. agg.’
representing the combined spectra of pure BLG and BSA monomers and pure BLG and BSA aggregates, respectively. The residuals, shown as dashed lines, were
calculated as the difference between the experimental curve and the fit and are labeled 'res. mon.” and ’res. agg.’ to indicate the residuals for monomers and ag-
gregates, respectively.
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corresponds to the in-plane stretching vibration mode of the Tyr ring.
The second, at 1556 cm‘l, originates from the stretching mode between
C2-C3 of the pyrrole ring of Trp (Venturi et al., 2023). Fig. 1f shows that
after the thermal treatment the relative intensity of the Trp band
strongly decreases with respect to Tyr signal. This change can be related
to variations of the chemical environment around the selected groups
during the aggregation process (Kurouski et al., 2010, 2012, 2015;
Lopez-Pena et al., 2015; Shashilov et al., 2007; Xu et al., 2008). Spe-
cifically, the decrease in the intensity of the Trp signals can be linked to
the formation of hydrogen bonds by the indole ring, which causes a blue
shift in the electronic band. This shift reduces the resonance effect,
leading to a corresponding decrease in the intensity of the Trp Raman
signals (Schlamadinger et al., 2009). For BLG it represents a specific
marker of the modulation on the Trp environment due to amyloid ag-
gregates formation (Venturi et al., 2023).

The CD spectrum collected before the thermal treatment (monomeric
species) is shown in Fig. 1m. It reveals characteristic features related to
different types of secondary structure in the Far UV region (Kelly et al.,
2005). In particular, the CD spectrum of the BLG solution exhibits a
negative minimum at 218 nm, indicative of a p-sheet conformation,
consistent with its known native structure (Dave et al., 2013). After
thermal treatment, the CD spectra minimum shows reduced ellipticity
and shifts to around 200 nm. A similar blue shift and decrease in ellip-
ticity were observed in thermally treated BLG and whey protein solu-
tions, linked to the loss of a-helices and B-sheets and an increase in
disordered structures (Herneke et al., 2021; Lara et al., 2011; Tomc-
zynska-Mleko et al., 2014). This finding is further supported by repro-
ducing the CD spectra for both the solution and fibrils using the BestSel
program (fitting reported in Fig. S1 of the supporting information, SI).
For secondary structure analysis, BestSel fits the CD spectrum of an
unknown protein with a linear combination of eight pre-calculated basis
spectra, each representing a distinct secondary structure component.
The results, with an associated error of about 2%, indicate a trend of
more ordered structures converting into more disordered structures. The
percentages of the secondary motifs (Qin et al., 2023) have been sum-
marized in table T1.

The BSA at pH 2.0 is expected to adopt an extended conformation (E-
form) that is mostly unfolded, allowing for a fast H/D exchange (Comez
et al.,, 2021). In fact, the AIIl band in the FTIR spectrum of pure BSA
(Fig. 1e) is not present, confirming its unfolded state. In this case, only
minor spectral changes are observed after the thermal treatment, and
the formation of amyloid species is negligible. The UVRR spectrum of
the starting solution (Fig. 11) does not present the Trp band, and no
variations are observed after the thermal treatment. The CD spectrum
(Fig. 1q) collected before the thermal treatment (BSA monomers) shows
two negative minima at 208 nm and 222 nm compatible with the BSA
extended conformation (Varga et al., 2016). Notably, significant spectral
changes are observed after thermal treatment, indicating irreversible
conformational changes likely due to the formation of non-specific
(amorphous) aggregates. The minimum at 200 nm may correspond to
unordered fragments, as the BestSel results (Fig. S1 and Tab. T1) show a
conversion of many helical motifs into disordered structures and f-mo-
tifs. Interestingly, the spectra of the BLG-BSA mixtures (empty symbols
in Fig. 1), measured with the three techniques, can be well reproduced
by the weighted sum of the spectra of the pure systems (full lines spectra
in Fig. 1), where the weight factors scale with the relative proteins
quantity. This good overlap of the experimental curves with the calcu-
lated ones is achieved for the solutions both before and after the thermal
treatment. From this observation we can deduce that the two proteins do
not tend to form mixed fibrillar aggregates. Moreover, at a molecular
level, the presence of a given protein in the mixture does not alter
significantly the conformational and aggregation properties of the other.

3.1.2. Structural characterization
To monitor the three-dimensional structures resulting from the ag-
gregation of BLG and BSA, we conducted synchrotron SAXS
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measurements at the onset and at equilibrated aggregation processes, for
different BLG-BSA samples in D,O (pH = 2.0) at 20 mg/mL total protein
content. SAXS is a well-assessed method for the structural character-
ization of both ordered and disordered proteins in solution.

Fig. 2a and e depict the SAXS spectra of pure BLG and BSA solutions,
respectively, used as reference curves. The scattering intensity I(q) of
dilute protein solutions (5 mg/mL) is reported in Fig. S2. The related
curve-fitting analysis, performed using a spherical model (explained in
the SI), yields for the diluted BLG solution a radius of ~2.0 nm that is
consistent with the average size expected for BLG dimers (Anghel et al.,
2019). In fact, the BLG oligomerization is highly dependent on pH and
ionic strength, and dimers form at pH values ranging from 2.0 to 4.5
(Anghel et al., 2019). The SAXS curve of the 20 mg/ml BLG solution can
be instead reproduced considering the combination of a spherical from
factor and a RMSA potential (Fig. 2a), as technically explained in the SI.
A bump can be clearly observed at q = 0.32 A™! (d = 19.6 A), it rep-
resents a characteristic length of the BLG globule.

The I(q) profile for the BSA solution (20 mg/mL) at pH 2.0 is reported
in Fig. 2e. This is reproduced considering a flexible cylinder model
implemented in SasView program (Fig. S1e), leading to a contour length
of approximately 20.0 nm. Notably, the known maximum size of BSA in
its native conformation is approximately 10.0 nm (Barbosa et al., 2010).
Thus, the findings confirm that BSA is present in the extended confor-
mation, characterized by an increased hydrodynamic radius, due to
molecule elongation (Babcock & Brancaleon, 2013), and that the
extended conformation does not spontaneously assemble into
large-scale ordered aggregates, such as fibrils. The bump at q = 0.32 A~
observed for BLG is not present in this case.

The SAXS curves of protein mixtures (Fig. 2b-d) collected before the
thermal treatment, can be suitably reproduced by a combination of the
pure protein solutions profiles, adjusted by a factor accounting for the
relative protein content, in agreement with FTIR, UVRR and CD outputs.

Kratky plots of SAXS intensity data are commonly used for qualita-
tive assessment of protein chain flexibility. These plots (Fig. 2f-1) show
that the BLG is folded into a compact globule while BSA is less compact,
making the corresponding distribution profile less bell-shaped and
structured. The data also suggest that both proteins maintain the same
structuring in the mixtures.

The SAXS curves obtained after incubation at 85 °C for 52 h
(Fig. 2a—e red curves) exhibit an increase of I(q) at low q values and a
corresponding slope change, suggesting the formation of aggregates. For
the BLG20 sample, the slope is —1.6, the same value has already found
for insulin amyloid fibrils (Siposova et al., 2022), confirming that BLG
aggregates are of fibrillar nature. Increasing the BSA concentration
causes a reduction of the slope, reaching the —0.2 value for the pure BSA
solution. In this case the formation of amorphous BSA aggregates can be
envisaged. Regarding the Kratkly plots (Fig. 2f-1), the differences be-
tween the curves obtained before and after the thermal treatment are
more pronounced when the sample contains a larger fraction of BLG,
which is expected to assemble in fibrillar structures.

3.1.3. Aggregates morphology

To shed light on the morphology of the aggregates after the thermal
treatment, SEM images of the protein samples are acquired and reported
in Fig. 3.

Pure BLG (Fig. 3a and f) forms numerous tiny fibrils, consistently
with the findings of previous studies in which similar protocols were
employed (Hoppenreijs et al., 2022; Lara et al., 2011).

Fig. 3e and I refer to pure BSA and reveal the formation of unordered
aggregates with a lamellar-like morphology. Mixed samples containing
both BLG and BSA exhibit the presence of fibrillar species with slight
variations in diameter, depending on the BLG-BSA molar ratio. BLG15-
BSA5 and BLG10-BSA10 samples (Fig. 3g and h, respectively), display
fibers with a larger diameter and a wrinkled, jagged surface. This
observation, coupled with spectroscopic results, suggests that the fiber
skeleton primarily forms through the cross-p association of BLG.
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Fig. 2. Here, we present the X-ray scattering intensities: black circles represent monomers (labeled sol.” for experimental curves of the monomer solution), and open
red triangles represent aggregates (labeled "aggr.” for experimental curves of the aggregates). The SAXS curves for individual BLG and BSA proteins, as well as their
mixtures at varying molar ratios, are shown with a total protein concentration of 20 mg/mL. The left panels (a—e) display the I(q) data on a log-log scale, while the
right panels (f-1) show the Kratky plots, represented as qI(q). The experimental data are fitted with curves, which are reported as solid-colored lines.
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BLG20 (a)

BLGI15-BSAS (b) (g)

BLG10-BSA10 (c) (h)

-

BLGS-BSALS (d) (1)

Fig. 3. SEM images at 50 k (a-e) and 150 k (f-1) magnification of the dried
aggregates of the single BLG and BSA and their mixtures at different molar ratio
keeping fixed the total protein concentration at 20 mg/mL. The 500 nm and
100 nm length are reported on (a—e) and (f-1) panels, respectively.

However, BSA tends to wrap around this skeleton, thickening the fibers
diameter. Thus, BLG chains engage in cross-f interactions with other
BLG chains, resulting in ordered amyloid fibrils, while BSA molecules
preferentially interact with other BSA molecules, leading to the forma-
tion of amorphous aggregates. These amorphous aggregates, likely
driven by a strong hydrophobic effect, tend to wrap around the fiber
skeleton, through non-specific interactions, yielding fibers with a
thicker morphology and an irregular surface.

3.2. Hydrogel networks in crowded regime

3.2.1. Hydrogel formation kinetics and molecular interactions

We now turn our attention to the high concentration regime, which is
characterized by a total protein concentration of 200 mg/mL. For this
sample, the thermal treatment of protein solutions consists in keeping
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the samples at 85 °C for 2 h. In this densely populated condition, the rate
of amyloid formation increases, leading to the formation of a hydrogel
matrix. The progress of the formation of intermolecular p-sheet is
tracked collecting FTIR spectra as a function of the incubation time. A
fitting procedure (Fig. S4) utilizing three Voight bands is employed to
estimate the relative intensity of the signals in the spectral range be-
tween 1600 and 1700 cm™! (AI band) that relates to the fraction of
groups involved in cross-p structures. The results of this analysis are
shown in Fig. 4, with details on the function and technical explanation of
the fitting procedure provided in the Supporting Information (Fig. S4).

The final cross-f percentages scale proportionally with the BLG
concentration, mirroring the behavior observed for fibrils in the low
concentration regime. By looking at the trends reported in Fig. 4a, all the
samples, except BLG100, reach a plateau after 120 min. The comparison
between the blue and gray curve, representing the BLG100-BSA100 and
BLG100 samples, respectively, indicates that the presence of BSA in-
fluences the amyloid aggregation rate, while the final aggregate per-
centage is basically the same. In fact, BLG150-BSA50 shows the
maximum aggregation rate. Overall, the data confirm that BSA does not
directly contribute to the formation of amyloid species but affects the
kinetics of their formation.

Similarly to the case of diluted solutions, the FTIR and UVRR spectra
of concentrated samples have been collected at room temperature
(Fig. 5) to provide molecular information about the concentrated pro-
tein solutions and hydrogels.

Also in this case, the FTIR and UVRR spectra of the solutions and the
gels of the mixtures can be well reproduced considering the combination
of the spectra of the single protein systems. This indicates the absence of
any relevant mutual influence in determining the conformational and
aggregation features after the thermal treatment, even in very concen-
trated samples.

FTIR data (Fig. 5a—e) indicate that going from the solution to the gel
leads to the appearance of the cross-p signal (at 1618 cm™!). This is only
present in the spectrum of the gels (Fig. 5a-€), being more prominent in
samples with increased BLG concentrations. At the same time, the UVRR
spectra (Fig. 5f-1) point out that the intensity of the Trp band at ~1556
cm!, mainly attributed to BLG, decreases when moving from the solu-
tion to the gel. Fig. 5m displays in the same graph the estimated per-
centage of cross-p linkages (black points) and the percentage intensity of
the Trp signal (red points) reduction ([I(Trp)sol-I(Trp)gell /I(Trp)so)) as a
function of the BLG-BSA molar ratio. It is noteworthy that the trend
exhibited by these two quantities is qualitatively the same. This further
confirms that the Trp residue in BLG is involved in the formation of
amyloid interactions (Kurouski, Van Duyne, & Lednev, 2015).

3.2.2. Hydrogels structure

To explore how the protein aggregation affects the resulting hydro-
gel network, we carried out SAXS measurements on the concentrated
protein solutions and hydrogels (see Fig. 6). SAXS curves of proteins
solutions at 5 mg/mL, 20 mg/mL and 200 mg/mL are plotted together
and reported in Fig. S3.

A qualitative assessment of the scattering curves suggests that there
are significant structural differences between pure BLG and BSA
hydrogels and hydrogels formed starting by mixed solutions (Hughes
et al., 2021). The relative increase of BSA content results in a reduction
of scattering intensity at low q values and in a change of curve slope,
which is different form that observed when aggregates were formed at
lower concentrations (Fig. 2). Moreover, as before, with increasing the
BSA content the difference between solution and gel curves becomes less
marked, as also evidenced by corresponding Kratky plots. The SAXS
curve of the gels are well reproduced in the low q region up to ca. 0.2
A7! through an empirical functional form (the correlation length
model), implemented in the SasView program. The used fitting function
reasonably reproduces the experimental data, providing characteristic
correlation lengths ranging from 24.5 + 0.1 A to 17.0 £ 0.1 A, passing
from the pure BLG matrix to the pure BSA matrix, respectively. The
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Fig. 4. percentage of cross-p estimated through a fitting procedure of the FTIR
spectra. During the thermal treatment at 85 °C of the pure BLG and BSA and
their mixtures at different molar ratio (total protein concentration fixed at 200
mg/mL).

simple model employed provides qualitative insights on the structural
changes of hydrogels. As a result, we can argue that the gel matrix
created by BLG has a higher characteristic correlation length because it
is formed by an ordered fibrillar network (Anghel et al., 2019; Moitzi
et al., 2011). On the other hand, the one formed by BSA involves
disordered non-fibrillar aggregates, leading to shorter characteristic
correlation lengths.
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3.2.3. Hydrogels viscoelastic properties

Finally, the viscoelastic properties of our systems have been analyzed
by using time-resolved TG spectroscopy. The sound velocity, Cs, and the
damping rate, 'y, are extrapolated from the TG oscillating signal
(Catalini et al., 2019), and reported in Fig. 7.

Concerning the sound velocity, which describes the propagation of
the acoustic wave into the materials, we obtain an average value of Cs ~
1469 km/s + 0.001 for the concentrated solutions and Controlla Cs ~
1475 km/s £+ 0.001 for the gels (Fig. 7a). The data indicate that the
speed of sound in all the protein solutions is practically the same,
independently on the molecular weight and volume of BLG and BSA
(Amirkhani et al., 2011). An overall increase of Cs occurs for the
hydrogels with respect to the protein solutions (Fig. 7a). This reflects an
increment of the elasticity of the system which appears to be more
solid-like. However, among the different gels, the value of Cs remains
similar within the experimental errors, suggesting similar density and
elastic properties of the different hydrogels. On the other hand, I'y re-
sults much more sensitive to the type of gel matrix (Fig. 7b). We note
that for the concentrated solutions, the slight increase of I'y going from
pure BLG to pure BSA, can be associated to an increase of the viscosity.
In fact, the higher viscosity of the pure BSA sample can be related to the
propensity of the extended conformation to create non-amyloid aggre-
gates. Interestingly, the most significant variation of I'y occurs upon the
formation of fibrillar gels. As a matter of fact, the I’y increment going
from the solution to the hydrogels nicely correlates with the content of
amyloid fibrils within the matrix. In other words, the acoustic wave is
much more efficiently dampened when the gel contains a larger fraction
of fibrils which, in turn, is higher on increasing the BLG fraction in the
mixture.

4. Conclusion

Heat-set hydrogels composed of whey protein mixtures have recently
garnered attention as promising systems in food technology and
biotechnology (Khalesi et al., 2021). The addition of protein nanofibers
for the reinforcement of whey protein gels has also been proposed (Liu
et al., 2024). The properties of these composite gels depend on a com-
plex hierarchy in their formation process involving the denaturation and
aggregation of different proteins, ultimately shaping the multi-scale
organization of the gel matrix and its mechanics. By adjusting the am-
yloid content in the composite gels, we can fine-tune the structural and
viscoelastic properties of the system. Exploring the potential applica-
tions of these gels in the food industry could be highly promising, since
BLG and BSA are able to provide essential amino acids for complete
nutrition and high digestibility. However, it is important to consider that
protein digestion kinetics and overall digestibility can be influenced by
factors such as the protein native structure and aggregation, which may
limit enzymatic access and impact protein solubility (Jaeger et al.,
2024).

In the present study, composite gels of partial fibrillar nature were
easily obtained in crowded BLG-BSA mixtures by eating treatment at low
pH. Molecular, structural and mechanical information on the thermally-
induced aggregation and gelation were derived under both diluted and
concentrated conditions, using several spectroscopic approaches. We
demonstrate that BLG exists in a globular state and associates upon
thermal denaturation, forming amyloid fibrils with a long and thin
structure. Tryptophan residues are found to contribute to the stabiliza-
tion of the fibrillar cross-p architecture. In contrast, BSA adopts an
extended form exposing all hydrophobic moieties to the solvent. Upon
thermal treatment it fails to originate intermolecular p-sheets, forming
instead unordered species with a lamellar-like morphology. Interest-
ingly, the presence of a given protein in the mixed systems does not
change the conformational and aggregation properties of the other at
short (molecular) scales. On the other hands, fibrils formed in hetero-
geneous conditions are thicker and exhibit an irregular surface
compared to those formed by pure BLG. BSA amorphous aggregates,
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Fig. 5. FTIR absorption spectra normalized for the area of amide I band (a—e), UVRR scattering spectra normalized for the intensity of the tyrosine band (f-1) and
percentage of cross-p and Trp intensity reduction (m) of hydrogels of the single BLG and BSA and their mixtures at different molar ratio keeping fixed the total protein
concentration at 200 mg/mL. The experimental spectra of the mixtures are plotted as open black circles (labeled exp. sol.” for the experimental spectra of solution)
and open red triangles (labeled ‘exp. gel’ for the experimental spectra of gels). The curves from the linear combination of the pure proteins are overlaid on the
experimental data, labeled *comb. mon.” and "comb. agg.’ representing the combined spectra of pure BLG and BSA monomers and pure BLG and BSA aggregates,
respectively. The residuals, shown as dashed lines, were calculated as the difference between the experimental curve and the fit and are labeled ’res. mon.” and ’res.
agg.’ to indicate the residuals for monomers and aggregates, respectively.
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Fig. 5. (continued).

likely induced by a strong hydrophobic effect, seem to envelop the fiber
skeleton, altering its morphology.

As the protein concentration increases, the aggregation process
triggered by thermal treatment accelerates, reaching a stationary state
after 120 min. The system percolates upon subsequent cooling, leading
to the formation of different composite hydrogels. Substitution of BLG
with BSA in the mixtures expedites the formation of BLG amyloid ag-
gregates without affecting their final amount. Moreover, in the hydro-
gels containing a higher BSA content, the characteristic correlation
lengths are shorter, and the viscosity is lower. Our findings indicate that
the higher mechanical strength of the gels appears to stem from the BLG
fibrillar network. BLG and BSA preferentially interact with themselves,
forming amyloid- and non-amyloid-based hydrogels, respectively.
However, the presence of BSA accelerates the BLG amyloid aggregation
process, which in turn alters the nanometric structure of the final
hydrogel matrix and its mechanical strength.

Notably, controlling the viscosity in hydrogels intended for food
products is essential, as it significantly influences texture, stability, and
mouthfeel, critical factors for consumer acceptance (McClements,
2024). Higher viscosity helps maintain a product’s structural integrity,
preventing phase separation and ensuring uniform consistency. Addi-
tionally, optimal viscosity can enhance processing and packaging effi-
ciency, making the product more appealing and convenient for both
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manufacturers and consumers.
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Fig. 6. Here we report the x-ray scattering intensities for solutions open black circles (labeled ’sol.”) and for hydrogels open red triangles (labeled "gel’) of the single
BLG and BSA proteins, as well as their mixtures at different molar ratio, with the total protein concentration maintained at 200 mg/mL. The left panels (a-e) display
the I(q) data on a log-log scale, while the right panels (f-I) show the Kratky plots, represented as q°I(q). The experimental data of the hydrogels are fitted with
empirical curves implemented in SasView, which are reported as solid-colored lines (labeled gel fit’).
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