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ABSTRACT

We investigate the thermal gelation of egg white proteins at different temperatures with varying salt concentrations using x-ray photon cor-
relation spectroscopy in the geometry of ultra-small angle x-ray scattering. Temperature-dependent structural investigation suggests a faster
network formation with increasing temperature, and the gel adopts a more compact network, which is inconsistent with the conventional
understanding of thermal aggregation. The resulting gel network shows a fractal dimension 6, ranging from 1.5 to 2.2. The values of § display
a non-monotonic behavior with increasing amount of salt. The corresponding dynamics in the g range of 0.002-0.1 nm ™" is observable after
major change of the gel structure. The extracted relaxation time exhibits a two-step power law growth in dynamics as a function of waiting
time. In the first regime, the dynamics is associated with structural growth, whereas the second regime is associated with the aging of the gel,
which is directly linked with its compactness, as quantified by the fractal dimension. The gel dynamics is characterized by a compressed expo-
nential relaxation with a ballistic-type of motion. The addition of salt gradually makes the early stage dynamics faster. Both gelation kinetics
and microscopic dynamics show that the activation energy barrier in the system systematically decreases with increasing salt concentration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0130758

. INTRODUCTION

The study of functional properties of proteins is of significance
not only in food industry and biotechnology, but also in the areas
of soft matter and chemical physics due to their relevance in poly-
mers and colloidal systems.'” Among various functional properties
of proteins, gelation makes them very fascinating scientifically.”*”
Gelation of proteins involves complex processes, such as coagu-
lation or denaturation, aggregation, and gel network formation.*
During thermal gelation, the native proteins unravel, exposing the
buried hydrophobic/sulthydryl groups, and form aggregates via
cross-linking.”' Trreversible aggregates are then formed via cova-

lent and non-covalent bonds. When the concentration is high
enough, the aggregates grow until they occupy the entire space,
forming a three-dimensional space-spanning fractal gel network.!!
Such a gel exhibits various fascinating properties, e.g., elasticity and
water-holding capacity.

To describe the natural aggregation or gelation processes
in complex systems, colloidal aggregation processes have been
simulated by adapting various interaction potentials.'”'” At the
microscopic level, the inter-particle interaction primarily tunes the
activation energy of the aggregation.'” Tsai et al. investigated
the aggregation process of charge-stabilized colloidal particles and
revealed that the kinetics is governed by the height of the activation
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energy.'’ Gao et al. estimated the activation energy of the aggre-
gation related to the critical coagulation concentration that drives
the rate of structural growth for a colloidal system."” The activation
energy is thus crucial in an aggregation process to determine the
aggregate structure.'”' "' In addition, experiments have shown
that the gelation condition influences the aggregate/gel structure
substantially.! For instance, a significant change in the network tex-
ture and compactness is recognized in the presence of additives.'”'*
This structure of the aggregates is mainly responsible for their
macroscopic properties.'” Numerous studies have been carried out
to elucidate the structure—function relationship of a gel.'* Exper-
imental investigation of heat-induced protein gels revealed various
fractal structures and their relation to rheological properties.'' How-
ever, the phenomenon has appeared to be complex due to non-trivial
interactions of the additives with the intrinsic complex charge dis-
tribution of proteins, and a systematic understanding of the gel
structure influenced by the additives has not been achieved yet.

In addition to the structure, a comprehensive understanding of
the protein gel properties requires a systematic investigation of the
microscopic dynamics, importantly at the length-scales of the net-
work mesh size. A gel is a non-equilibrium system, which exhibits
rich and complex dynamics, especially during aging.'” For exam-
ple, various gels are found to be heterogeneous, both in time and
space.”’ Colloidal gel dynamics displays heterogeneity as a result
of large-scale structural deformation during aging.'””' The theory
of potential energy landscape describes that, during aging, the sys-
tem dynamics hops between the local energy minima.””*’ In the
field of protein gelation, the literature provides information largely
on the fast dynamics in a protein gel related to the individual
molecular or sub-molecular length-scales.”*** Despite the impor-
tance, a complete picture of the microscopic dynamics in a gel at
the length-scales related to the network mesh is yet to be estab-
lished. For a comprehensive understanding of protein-based gels,
the structure-dynamics relationship is crucial, as it is generally for
any behavior of proteins.”” Our previous investigation on egg white
during thermal gelation has contributed to the understanding of the
process of thermal aggregation of egg white and the presence of
stress driven heterogeneous microscopic dynamics.”

In this work, we investigate egg white to reveal the effect of
temperature and salt ions on the structural and dynamical evolution
during gel formation using x-ray photon correlation spectroscopy
(XPCS) in ultra-small angle x-ray scattering geometry (USAXS). We
observe that the structural growth is faster at higher gelation tem-
peratures. We identify two regimes in the dynamics. The early stage
dynamics exhibits a rapid growth in the relaxation time, which is
determined by the structural evolution. The later-stage dynamics
is driven by the gel network compactness. This work also empha-
sizes the tunability of the activation energy by varying ionic strength
in a protein-based system. Our findings provide information on
the structure-dynamics relationship in the process of gelation on
the length-scales related to the gel network, relevant for fundamen-
tal physics, as well as for applications of proteins, polymers, and
colloids.

Il. SAMPLES AND EXPERIMENTAL DETAILS

We extracted egg white from an organic hen-egg and stored it
at 4 °C. Hen-egg white contains more than 40 types of proteins with
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an overall concentration of ~110 mg/ml."""* During thermal denat-
uration of egg white, native proteins first convert into denatured
proteins and then form reversible aggregates via intermolecular
B-sheet interactions.”” The aggregation process’ in this system effec-
tively sets in at temperatures above 60 °C. The salt NaCl was used as
purchased (Merck, Germany) for the sample preparation. A certain
quantity of the salt was directly added to the egg white samples to
make the final concentrations ranging from 50 to 150 mM. The final
solutions were gently stirred (manually) for ~10 min to dissolve the
salt. Thus, the obtained protein solutions were then transferred to
quartz capillaries of diameter 1.5 mm to perform x-ray experiments.
The capillaries were mounted on a temperature-controlled sample
stage. The samples were heated to temperatures above the denat-
uration temperature of the egg white proteins to produce the gel,
and, simultaneously, XPCS measurements’ ° were performed. The
heating rate used for all the measurements is ~150 °C/min. At this
rate, the sample requires ~22 and 30 s to reach temperatures of 75
and 90 °C, respectively. The sample-filled capillary tube is inserted
inside the temperature-controlled metal part of the Linkam stage.
As a result, the entire part of the capillary that is inside this heating
module is expected to be heated to the set temperature.

XPCS in USAXS geometry was employed to probe the struc-
tural evolution and dynamics at the length-scales related to the gel
network.”"*" An x-ray beam of size 100 x100 ym”* and 8.54 keV
photon energy (corresponding to a wavelength A = 0.145 nm) was
incident on the sample. Time series of the scattering patterns were
collected using an Eiger X 4M detector. The experimental setup is
schematically illustrated in Fig. S1(a) in the supplementary material.
The sample-to-detector distance was 21.2 m to cover a g range from
0.002 to 0.1 nm™". Several consecutive measurements of a short time
period (160 s) were conducted using attenuators to minimize the
influence of x rays on the sample (for details, see the supplementary
material)."”"** Each of these measurements, performed on a fresh
sample spot, consists of 4000 scattering patterns, with 40 ms expo-
sure time. The scattering patterns were then integrated azimuthally
to obtain intensity profiles, providing information on the structural
evolution during gelation.

The same scattering patterns were correlated over time to
extract two-time correlation (TTC) functions for investigating the

time-dependent dynamics, which is given by""*"*>*

<I(‘1’ 1 )I(q’ tZ))pixels
(I(g, t1) )pixels {(1(g5 t2) )pixels

where the ensemble average is performed over the pixels within a
range q + dq. Here, q is given by ¥ sin(%e), 20 being the scatter-
ing angle, and the correlation was calculated between the scattering
intensities at times #; and ¢,. The calculation was done for g from 4.8
x 107> to 0.1 nm ~* (above which the counting statistics is too weak),

Ci(g.t1, ) = (1)

with 18 equal %q partitions.

I1l. RESULTS AND DISCUSSION

A. Kinetics of thermal gelation at the sub-micrometer
length-scale

Representative USAXS profiles during gelation of the pure
egg white samples are shown in Fig. 1(a). An increase in the
intensity as a function of waiting time t,, is visible after ~20 s
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(b) w75°ces0°C The integration is done within the g range of 0.002-0.03 nm™
85°C y 90°C 13 (i.e. the entire g range excluding the background noise). The waiting
time-dependence of Q at different temperatures is summarized in
Figs. 1(b)-1(d). We observe that the evolution of Q values obtained
at different sample spots consistently follow each other (with respect
to the range of fluctuations in Q) as a function of measurement time.
Therefore, measurements at different spots of the sample were com-
bined to obtain information for longer measurement times. Obser-
‘ 1. . . . vation on pure egg white in the early stage [Fig. 1(b)] indicates that
107 0 100 200 300 400 Q increases rapidly at all temperatures. The initial rapid structural
£, () development for all the samples can be described by an exponential
13 growth function, as illustrated in the inset of Fig. 1(b). Interestingly,
Q for the samples with NaCl, especially at lower temperatures, does
not attain a constant value [see Figs. 1(c) and 1(d)]. In this case, Q
continues to grow even after 400 s of waiting time. In addition, it is
important to note that, in all the cases, the speed at which the ini-
w 75°C o 80°C 11 tial structural change occurs increases with increasing temperature.
u 75°C ¢ 80°C 85°C y 90 °C This behavior can be observed more clearly in Figs. 1(e) and 1(f)
88°C vy 50°C & 10 in terms of the time derivative of Q. A higher value of the deriva-
tive suggests a faster structural change. It is well established that
the probability of protein denaturation is enhanced with increas-
ing denaturation temperature.'” Concomitantly, the probability of
aggregation increases as the degree of denaturation increases. The
10.1 influence of temperature on the gelation kinetics, i.e. the faster struc-
tural growth at higher temperatures, is thus associated with the
impact of the degree of thermal denaturation. The higher thermal
energy at a higher temperature leads to a faster denaturation, and,
hence, a faster aggregation.'’
Figures 2(a) and 2(b) show Q as a function of ¢, at various
10.0 salt concentrations, at 80 and 90 °C, respectively. We observe a
. ‘ - ‘ ‘ non-monotonic dependence of the structural evolution on the salt
10 ¢ (s)20 30 10 20 30 concentration. At all temperatures, at a certain #,, Q first increases
" L) and then decreases as the salt concentration increases. This is visi-
ble more clearly at higher temperatures when Q reaches its plateau
[depicted in Fig. 1(f)]. The higher Q in the presence of a small

l(q) (a.u.)

40 80
t, (s)

.stx\ 44 Cqaq

0 100 200 300 400 0 100 200 300 400
t,(s) t (s)
0.2

()

M
. 75°C
«80°C
0.1} 85°C o .
v90°C Jon

dQ/dt (x 10%)
dQ/dt (x 10%)

00t $aX¥eg

FIG. 1. (a) Intensity profiles /(q) for the pure egg white sample at a temperature of
85 °C at different waiting time f,, (fw = 0 s is when the heating and the measure-

ment started), (b) Q obtained from /(q) as a function of the waiting time for pure amount of salt suggests a larger fraction of proteins participating
egg white, (c) for egg white with 50 mM NaCl, and (d) for egg white with 150 mM in the aggregation process compared to that without salt. The pres-
NaCl, depicting the development of the gel structure at different temperatures. The ence of salt generally induces a shielding effect on the inter-protein
time derivative of Q for egg white with (e) 50 mM, and (f) 150 mM NaCl shows the repulsive interactions.” Under these conditions, the aggregation is

temperature dependence of the structural growth. The inset in panel (b) shows the

Freaancalotntial ehilemonen oot e Smicue energetically favored. The higher Q could be associated with such an

effect of added salt. As the salt concentration increases, the surface

of heating. During thermal gelation, the proteins undergo con-
formational changes via unfolding, and the denatured proteins

cross-link to form aggregates. Furthermore, formation of sulthydryl @) T=80°C + |[(b) T=90°C
(SH)/disulfide (SS) bonds within the aggregates establishes the gel.* 3L 2
The evolution in the intensity reflects the growth of the frac- _
tal aggregates. The growth is initially rapid, then gradually slows S 2+¢
down and eventually shows almost no change, depicting no further - | SERICERE
development in the structure in the observed length-scale window ZqL ° 0mM : gome 4
(g ~ 0.002-0.05 nm™"). This behavior suggests the process of an ini- o | ; ?gomr:\]AM ~ 100 mM
tial rapid cross-linking, followed by a gradual establishment of the (= v 150mM | & v 150mM 4
network at the later stage.””"” To determine the structural growth I I R S I S T R —
kinetics, we calculated the invariant from the intensity profiles, 0 150 300 4500 150 300 450
which gives a measure of the flocculation parameter, using the t (s)
relation” " v
FIG. 2. Salt concentration dependence of Q: the comparison of egg white gelation
Q= / I (q)q2 dq. ) at various salt concentrations at a temperature of (a) 80 °C, and (b) 90 °C.
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charge distribution of the proteins becomes anisotropic.””" The pro-
teins then form non-ordered cross-links,” compared to the relatively
ordered aggregates, in the absence of salt. The aggregation process
is spontaneously delayed. An increase in denaturation temperature
of egg white proteins has been associated with such non-ordered
aggregation processes.” As a result, the system consists of a smaller
fraction of denatured proteins compared to that at lower salt concen-
trations. Consequently, a reduction in Q is observed with increasing
salt concentration.

Furthermore, the change in aggregation rate with changing the
salt concentration could be related to the change in the activation
energy or the height of the energy barrier (AE) via the relation

t. ~ exr, where T is the absolute temperature, R is the gas constant,
and t. is the gelation time.'""*”” We have estimated the approximate
gelation time ¢, from the Q vs t,, plot [see Fig. 3(a)] by considering
the point where the major change in Q finishes. At lower tempera-
tures (75 and 80 °C), the point where the extrapolated Q reaches the
value of Q at 90 °C is considered as t, [see Fig. 3(a)]. The estimated
t. values are shown in Fig. 3(b), from which we have determined the
activation energy”” and shown it in the inset of Fig. 3(b). We observe
that AE reduces as a function of salt concentration.”'"”® Moreover,
AE shows an exponential dependence on the salt concentration, as
visualized by the dashed line in the inset of Fig. 3(b).

For a quantitative description of the gel structure, the frac-
tal dimension § was evaluated by modeling™ the intensity profiles
using the equation I(q) ~ g°. The fractal dimension is a quan-
tity that reflects the distribution of intermolecular distances on
different length-scales.”” & gives the degree of filling the space by
the structure. The fit was performed within the g range 0.0025
to 0.005 nm™" (i.e., the low g regime) to obtain information on
large length-scales relevant for the gel network. The variation of
§ as a function of t,, for different gelation processes is presented
in Figs. 4(a)-4(d).

Figures 4(a)-4(c) display a fast increase in J, as the aggregates
grow in size during the gelation. Especially at higher temperatures, §
eventually reaches its maximum value when the structural growth is
nearly finished. The values of § for all the samples at all temperatures

(b)O 50 mMm )
A 100mM 7
;: - 6 v 150 mMX
1 A 77
. — /Vf s
1 ":,o 5 Z /Di—‘45 o
| £ ¢/ E
. A, w40
L/ ] o
: 4 o E_I"“ ‘xo
801175 Ract oot
! L1} 3 1 1
0 200 400 600 0.0028 0.0028 0.0029
£, (s) 1T (K™

FIG. 3. (a) Estimation of the approximate gelation time t from the Q vs t,, behavior
is shown by the dashed lines, and (b) In(t;) as a function of 1/T is shown for
different salt concentrations. The inset depicts the estimated activation energy as
a function of salt concentration. A reduction in activation energy is observed with
increasing salt concentration.
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/Y 12.0
?9 l1s

20} &
154

2o 0mM o 50 mM

10t% 4 100 mM ¢ 150 mM
¢ 2 75°C 0.80°C
0.5 85 °C 90 °C
0 100 200 300 0 50 00 w0 0
t (s) NaCl (mM)

FIG. 4. Fractal dimension § as a function of t,, for (a) pure egg white at the tem-
peratures indicated by the legends, and for different salt concentrations at (b)
80°C, (c) 90°C, and (d) the temperature-dependence of & for all the samples,
as indicated by the legend.

investigated presently range from 1.5 to 2.2, which is interpreted as
the strong-link regime in a gelation process where inter-aggregate
cross-links are stronger than the cross-links within the aggregates."’
At lower temperatures, § continues to increase for a longer time,
whereas at 90 °C, § reaches its maximum value as fast as in 50 s of
heating. d for the pure egg white at the temperature of 90 °C is ~2
[see Fig. 4(a)], suggesting that the gelation is governed by a reaction-
limited aggregation (RLA) process. Interestingly, this value appears
to be smaller (<1.8) at lower temperatures, suggesting a diffusion-
limited aggregation (DLA) process. The wide range of § is possibly
due to different aggregation processes involved at different stages of
gelation in the system.>*

Figures 4(b) and 4(c) depict the propagation of § in the pres-
ence of salt at temperatures of 80 and 90 °C, respectively. The
salt-dependence of § is summarized in Fig. 4(d). Here, § is aver-
aged over ten data points at the end of the measurements. It is
interesting to observe that § first decreases and then increases as a
function of salt concentration. The higher value of § at a higher salt
concentration indicates a more compact gel formation.””* The less
compact gel formation at smaller salt concentrations could be asso-
ciated with the redistribution of surface charges.”’ The anisotropic
interaction between proteins due to anisotropic charge distribution
generates a network with lesser branches, i.e. a network with low
d. As the salt concentration increases further, § starts to increase.
The literature suggests that the amount of SH and SS bonds is con-
trolling the gel strength/compactness and hence is responsible for
0.”" This observation is consistent with the expectation that a faster
aggregation (a higher Q) leads to a smaller § and vice versa. At a
lower salt concentration (at 50 mM), a faster aggregation (higher Q)
forms a network with smaller §, whereas, at higher concentrations
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(100-150 mM), a comparatively slower aggregation results in a net-
work with higher 8. The increase in § with NaCl concentration is
consistent with rheological reports showing an increase in the stor-
age modulus of a protein gel with increasing salt amount.” An
increase in gel compactness generally suggests an increase in the
aggregate volume fractions ¢, which, in turn, is expected to increase
Q. This is because Q can be expressed as*’

Q~Ap’$(1-¢), 3)

where Ap is the electron density contrast. However, currently, we
observe that an increase in & (with increasing salt concentration) is
accompanying a reduction in Q. Assuming Ap does not change sig-
nificantly during gelation time, we realize that the value of Q can
decrease with increasing ¢ only when ¢ is higher than 0.5 in the
aggregates. It is possible that as the salt concentration increases, the
reduced activation energy causes an increase in ¢ (i.e. decrease in Q,
given that ¢ > 0.5), which subsequently enhances the compactness,
as observed in Fig. 4(d). Nevertheless, we do not have any experi-
mental evidence to confirm this statement. This remains still an open
question with the need for further investigations.

The kinetics of gelation as a function of temperature (as dis-
played in Fig. 4) reveals that, overall, § increases with increasing
temperature. In the case of the salt effect, we observed that a slower
aggregation leads to a higher 8. However, in the case of temperature
dependence, a faster aggregation, as observed at a higher temper-
ature via Q (in Fig. 1), results in a network with a higher ¢ [in
Fig. 4(d)]. This is in contrast to the literature on protein aggregations
claiming that normally the temperature effect is likely to reduce the
fractal dimension.”” On the other hand, rheological studies suggest
that the strength of a gel increases with increasing temperature.” "’
In this respect, the present finding of an increase in compactness
with increasing temperature is consistent. The strength is arising
from the compactness of the network. The origin could be the extent
of inter-aggregate cross-linking.'' At higher temperatures, the prob-
ability of inter-aggregate cross-linking increases, which results in
a more compact gel network. As a consequence, the observed ¢
appears to be higher at higher temperatures, whereas at lower tem-
peratures, the gel network is slightly open in nature, due to less
inter-aggregate cross-linking.®!

B. Dynamics of egg white gel

In this section, we discuss how the network formation influ-
ences the gel dynamics. We calculated TTCs [Eq. (1)] to probe the
evolving microscopic dynamics. This calculation produces a corre-
lation map, as presented in Fig. 5, consisting of intensity correlations
between time #; and ¢, at the waiting time t,, = (1 + t2)/2. Hence, the
diagonal axis (i.e. t; = t; axis) represents ¢, and the lines perpendic-
ular to this axis are the one-time correlation functions as a function
of the elapsed time ¢ =|t; — t,|. These cuts are called “constant
sample age” cuts.”” ** The one-time correlation functions are also
often extracted by considering the horizontal or vertical lines, which
use the delay time along the rows or columns,* i.e., lines at con-
stant #; or constant f,. In the present investigation, the “constant
sample age cuts” were considered for further analysis. This method
has been widely used to investigate the evolving dynamics during
gelation or similar phase transitions in colloidal and various other
systems.'”*>%” Especially when the system does not experience any
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FIG. 5. Representative TTCs collected on (a) pure egg white and (b) egg white at
an NaCl concentration of 100 mM during thermal gelation at 80 °C and g = 0.012
nm~", (c) line profiles extracted from the first TTC of panel (a), representing g,
functions as a function of waiting time. Solid lines show fits to the data.

sudden external disturbance, this method has been employed suc-
cessfully. In this method, the correlations are calculated between
intensities before and after the measurement time (t; + ¢,)/2. There-
fore, in the case of a sudden external perturbation in the system,
the mixing of the time before and after (¢, +¢,)/2 could lead to
a non-reliable interpretation. However, in the present case, there
is no such scenario, and, thus, the method is suitable for the
system.

The calculation of TTCs is performed using the MATLAB code
XPCSGUI provided by the P10 beamline (Petra III, DESY, Ger-
many). TTCs calculated for the pure egg white sample and that in
the presence of salt of concentration 100 mM are shown in Figs. 5(a)

J. Chem. Phys. 158, 074903 (2023); doi: 10.1063/5.0130758
Published under an exclusive license by AIP Publishing

158, 074903-5


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

and 5(b), respectively. The width of the diagonal contour (along the
t; = t, axis) of the TTC map is proportional to the characteristic
time-scale of the system. We observe from the TTCs that the dynam-
ics exhibits a considerable slowdown with #,, for both samples.*®
Note that each of these TTC:s is collected on a fresh spot on the capil-
laries. As we can see in Fig. 5(a), the dynamics grows in the first TTC,
followed quite consistently by a similar growth rate of the second
TTC. However, the third TTC does not seem to be consistent with
the previous TTCs, possibly because this spot differs in its thermal
history, which is not surprising as such a complex protein system
like egg white can show spatial variations in the concentrations of
different proteins.

In Fig. 5, the dynamics is observable only after a certain
measurement time (60-70 s) in the probed length-scale window
(g ~ 0.002-0.05 nm™"). Comparing that with the structural evolu-
tion [in Figs. 1(b)-1(d)], we could see that the system time-scale
appears in the experimental window approximately after the major
structural growth is finished. Line profiles were extracted from these
TTCs and averaged over 4 s to obtain the one-time correlation func-
tions g,(q,t) at different t,,. The correlation functions for a pure
egg white sample at g = 0.012 nm ™" are representatively shown in
Fig. 5(c). These correlation functions can be described by">**%’

&(a.t) = 1+Blgi(g.)[, (4)
with a Kohlrausch-Williams-Watts (KWW) function’”®*
81(q.1) = exp[~(t/7)"], (5)

where f is the instrumental scattering contrast, 7 is the characteristic
relaxation time, and y is the KWW exponent, describing the nature
of the dynamics. In this model, the exponent y is 1 for diffusive
dynamics, exhibiting a purely exponential relaxation decay. Systems
that are arrested, e.g., glasses, often have been observed to show y < 1,
which corresponds to a stretched exponential relaxation decay.’”"”
On the other hand, y > 1 is observed in systems characterized by
hyper-diffusive dynamics.””"***%'

1. Temperature dependence

The obtained g,(g,t) functions were modeled using Eq. (4),
and the time evolution of 7 for different salt concentrations and tem-
peratures are shown in Fig. 6. In the initial stage, T grows rapidly,
and then the growth slows down, indicating aging of the gel.””"”
In this regime, for most of the samples, 7 exhibits fluctuations with
time (see Fig. 6). The literature suggests that the internal stresses in
the gel network produced during cross-linking result in the aging
dynamics.'” Relaxation of these stresses gives rise to large-scale re-
arrangements. The fluctuations in 7 have been attributed to such
structural rearrangements that occur on a large length-scale in the
gel network.”” Note that a two-step evolution of 7 is present in
most of the cases. However, at 75 °C, only the later-stage dynamics,
and at 90 °C (e.g., for the pure egg white sample), possibly the early
stage dynamics are probed. This could be due to experimental lim-
itations (i.e. the limited time window from milliseconds to the total
measurement time). Nevertheless, it is interesting to observe that
a more rapid growth in 7 is apparent with increasing temperature.
Consequently, in the second regime, 7 reaches a higher value (via
more rapid growth in 7) at a higher temperature. In other words, the
dynamics is slower at a higher temperature (see Fig. 6) and faster at
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FIG. 6. Temperature-dependent relaxation time = obtained by modeling g, func-
tions at g = 0.012 nm=" for (a) pure egg white; (b) egg white with 50 mM, (c) 100
mM, and (d) 150 mM NaCl, and (e) representative plot of y as a function of waiting
time for samples with different salt concentrations at 80 °C.

a lower temperature. We note here that Chuskin et al. have reported
an inversely proportional dependence of the de-correlation time on
photon flux.*® Therefore, for long measurement times, a contribu-
tion of the beam-induced de-correlation in the measured dynamics
may still be possible, even at low photon flux. Nevertheless, the evi-
dence of the second regime in dynamics is robust, as in most of the
samples, the second regime appears at small t,, (see Fig. S4 in the
supplementary material).

The process of denaturation, structural evolution of the aggre-
gates, and their dependence on the temperature is determined by the
activation energy barrier of the system.'’ At a higher temperature,
the denaturation and, thus, the aggregation process is thermody-
namically more favorable, as it is easier to exceed the energy barrier,
which corresponds to faster gelation kinetics.!” The initial rapid
growth in 7 is possibly influenced directly by the gelation kinet-
ics. A faster kinetics of gelation at a higher temperature leads to a
faster increase in 7. Note that the evolution in the dynamics does
not occur simultaneously with the structural evolution. The rapid
network formation generates the trapped-stresses, and the dynam-
ics is accompanying the relaxation of these stresses. As a result, the
growth in dynamics is following the structural growth. After the for-
mation of the network structure, we observed a more compact gel
network formation (see § in Fig. 4) at a higher temperature. Con-
comitant with the compactness, Fig. 6 displays a slower dynamics
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at a higher temperature. This observation is consistent with the con-
cept of a thermal gel. Our results provide evidence that the dynamics
of a thermal gel is determined by the interplay between the thermal
energy and the compactness of the gel network, and the influence of
the compactness is considerably strong to completely overtake the
thermal energy-driven dynamics.

The KWW exponent y is observed to fluctuate around 2
for all the samples, depicting a compressed exponential relaxation
dynamics in the system, as representatively shown in Fig. 6(e).
Such a unique compressed exponential decay suggests a hyper-
diffusive dynamics, which has been observed in a stress-driven gel
dynamics.”””" The structural rearrangements to release the inter-
nal stresses result in the intermittent hyper-diffusive dynamics. This
contradicts the thermal energy-driven diffusive processes, where a
simple exponential decay (y = 1) is observed.”!

To quantify the temperature-dependence of the dynamics, we
plotted 7 rescaled by a factor, v. Here, v is determined by divid-
ing 7 at all temperatures by the 7 of the pure egg white at 75°C
in the overlapping time range and then averaging them. Those data
(e.g., egg white at 90 °C) having no overlap regime (in t,,) with the
dataset of pure egg white at 75 °C were excluded from this analy-
sis. We can see in Fig. 7(a) that the rescaled 7 for all samples falls
on a master curve, in particular, in the second regime. This obser-
vation of 7 falling onto a master curve supports the existence of the
two distinct regimes (as shown by the green and white background)
in the dynamics as a function of t,, in all the cases. Note that, in
most of the samples, the transition between the two regimes in the

1000
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FIG. 7. (a) Rescaled 7 at different temperatures for all the samples at g = 0.012
nm~" and (b) the obtained values of v as a function of temperature. The two distinct
regimes are indicated by the background color in (a).
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dynamics is observable within the first 160 s of measurement time
(see Fig. S4 in the supplementary material). This behavior supports
the presence of a two-step growth in dynamics, irrespective of the
spatial heterogeneity in the sample, as observed for TTCs collected
at different spots of the sample. The factor v, shown in Fig. 7(b),
overall increases with increasing temperature. The functional depen-
dence of v on the temperature emphasizes the scaling of the rate of
change in 7 with temperature. We note here that v does not show the
same temperature dependence for all the salt concentrations. At salt
concentrations below 100 mM, v monotonically increases with tem-
perature. However, at 150 mM salt concentration [green triangle in
Fig. 7(b)], the behavior appears to be different. Such a complex tem-
perature dependence of the dynamics could arise from the complex
and multi-component protein contents of the egg white. It is impor-
tant to mention here that the temperature dependence of 7 and
the presence of two stages in the dynamics with compressed expo-
nential relaxation are observed irrespective of variations between
different egg samples. Although the absolute values of the relax-
ation time may change, the overall nature of the dynamics remains
unaltered.

2. Salt concentration dependence

The salt dependence of 7 at temperatures 80 and 90 °C is shown
in Fig. 8. Notably, the two-step growth in dynamics appears to be
a function of the salt concentration. The initial growth in 7 (green
background) becomes less steep with increasing salt. However, at a
later stage, 7 is higher (white background) for higher salt concen-
trations. To assess the effect of salt on the gel dynamics, we have
modeled 7 vs t, with two power law equations, i.e. T ~ },. From
the fit, we obtained the exponents, n, that define the growth rate.
The exponent shown in Fig. 8(c), in the early stage, exhibits very
high value, suggesting an exponential behavior, as observed previ-
ously.”’ The exponent, in this regime, overall decreases with NaCl
and at the later stage, increases or remains constant with increas-
ing NaCl. The early stage growth is determined by the structural
evolution, where we observed that the salt concentration initially
enhances (for 50 mM) and then reduces (for 100 and 150 mM)
the structural evolution. In 7, though we do not observe a clear
enhancement in the growth rate at 50 mM salt, the growth becomes
shallower with further increasing salt, consistent with the struc-
tural kinetics. Nevertheless, the later-stage dynamics (aging) seems
to follow the compactness and stiffness of the gel. This is a fur-
ther confirmation of the finding that the dynamics during aging is
dictated by the gel compactness. For clarity, we have used back-
ground color in Figs. 8(a) and 8(b) to distinguish the two dynamical
regimes. The first regime (green background) is where the growth in
7 is mainly accompanied by structural growth. The second regime
(white background) is driven by the compactness of the gel.

We further note that the gel compactness is sensitive to the
system dynamics in the early stage. The faster dynamics in the pres-
ence of salt, in the early stage, suggests the higher probability of
restructuring events in the gel. Now, we recall the observation of
the increase in § with increasing salt as shown in Fig. 4(d). Exist-
ing reports’” on protein gelation have claimed that the restructuring
of aggregates can cause such an increase in 8. The increase in J, here,
manifests the effect of restructuring on the gel compactness.

The g dependence of 7 is shown in Fig. 9(a) for the pure egg
white samples. As we can see, T weakly depends on g, and it varies
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FIG. 8. (a) 7 as a function of {,, at different salt concentrations at 80 °C (a) and
90 °C (b) showing two-step power law growth at g = 0.012 nm~=". (c) The early
stage exponent (open symbols), and the later-stage exponent (closed symbols) of
the power-law functions at 80 °C (circles) and 90 °C (squares) are revealing the
effect of salt on the aggregation energy barrier, respectively. The dashed lines in
(a) and (b) indicate the power law fits.

slightly with t,. We modeled the q dependence of 7 with a power
law relation 7 ~ g~% and obtained «, as presented in Figs. 9(b)-9(d).
Here, a appears to be fluctuating around 1. This is in contrast to the
case of diffusive dynamics,”® where « is 2. The observation of a ~ 1
and y ~ 2 [see Fig. 6(¢)] indicates ballistic dynamics.”””* Moreover,
in some cases, e.g., the pure egg white sample at the temperature
of 90°C, the fluctuation is large, as « varies from 0.5 to 1.6. We
speculate that the fluctuation arises from the discrete large-scale
rearrangements, to reduce the degree of stresses in the network. The
observation of a weak power law dependence of 7 on g has been
linked with the internal stress driven dynamics.'”*” The currently
observed temporal fluctuation in 7 [see Figs. 6(a)-6(d)] is consistent
with this length-scale dependence, indicating the structural rear-
rangements during aging.”””” However, the coupling between the
growth and the temporal fluctuations of 7, as can be seen in the TTCs
[Fig. 5(a)], makes it difficult to quantify the dynamical heterogeneity
that arises from the reorganization events. Therefore, focusing only
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on the length-scale dependence, we observe that at the temperature
of 75 °C for the pure egg white sample, « tends to exhibit a higher
value, as is expected for a diffusive Brownian system. Slower evolu-
tion of structure at a lower temperature is likely to produce a smaller
degree of stress in the network. As a result, the effect of internal
stress on the dynamics could be weaker in the gels that are produced
at lower temperatures. The dynamics then could behave differently.
However, due to the noisy data, the length-scale dependence is not
conclusive at lower temperatures.

IV. CONCLUSIONS

In conclusion, our investigation on egg white proteins dur-
ing gelation at various temperatures shows changes in the growth
of structure, associated with thermal energy-driven protein denat-
uration, followed by an aggregation process. The gel network com-
pactness increases with increasing temperature. The influence of salt
on the gelation kinetics, and the result provide the scaling of the
activation energy as a function of salt concentration. The presence
of salt initially enhances and then reduces the speed at which the
network forms. The rapid growth of the fractal structure accom-
panies the growth in the relaxation dynamics. The effect of higher
thermal energy at a higher temperature is suppressed by the slower
dynamics driven by the gel compactness. As a result, the relaxation
time increases with increasing temperature. We identify two dis-
tinct regimes of dynamics, where the first regime is linked with the
structural development and the second regime is determined by the
gel compactness and the structural rearrangements. The presence of
salt leads to a faster dynamics in the early stage and a slower or no
change in the dynamics at the later stage. The gel dynamics shows a
compressed exponential decay and an inversely proportional length-
scale dependence of the relaxation time. Such a scenario suggests
a ballistic-type motion in the system, arising from the release of
internal stresses via structural rearrangements.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the discussion of the beam
influence on the structure and dynamics of egg white via USAXS and
TTC data analysis.
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