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ABSTRACT

We investigated the effect of the NaCl concentration (0.3-2M) on the structure and dynamics of hen egg yolk at room temperature and
during thermal gelation at temperatures in the range of 66-90 °C utilizing low-dose x-ray photon correlation spectroscopy in ultra-small
angle x-ray scattering geometry. With an increase in the salt concentration, we observe progressive structural and dynamic changes at room
temperature, indicating the disruption of yolk components such as yolk-granules and yolk-plasma proteins. Temperature- and salt-dependent
structural and dynamic investigations suggest a delay in the gel formation and aggregation of yolk low-density lipoproteins with increasing
ionic strength. However, the time—temperature superposition relationship observed in all samples suggests an identical mechanism underlying
protein aggregation—gelation with a temperature-dependent reaction rate. The sol-gel transition time extracted from kinetic and dynamic
information follows Arrhenius’s behavior, and the activation energy (460 kJ/mol) is found to be independent of the salt concentration.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0219004

I. INTRODUCTION

Gelation is an important functional property of proteins
with numerous applications in food,' ’ pharmaceutics,”” and
biotechnology.”” Gelation of proteins can be induced or altered by
physical (heating,”'* freezing,'"'* and high pressure'”'"), chemi-
cal (salt,” *' pH,"***** and others”®), and biochemical (enzyme™®)
methods. These methods affect gel formation by altering protein
structure and intermolecular interactions between proteins and pro-
teins with solvent molecules. This leads to changes in the final gel
texture, gel strength, water-holding capacity, and other properties
of the gel.”’ " This implies that gel characteristics can be tailored
to specific applications by changing the gelation pathway using
additives.”””” An in-depth knowledge of how additives influence the

gelation pathway to achieve the desired gel characteristics by alter-
ing protein-protein and protein-solvent interactions is required for
a fundamental understanding of the gelation process as well as for
various applications.

Full egg yolks and egg yolk fractions (yolk-plasma and yolk-
granule) are popular and versatile ingredients used in the food
industry,”""” biotechnology,”” and other fields.” The high concen-
tration and diversity of proteins and lipids in egg yolk serve as a
material foundation for its functional features’ gelation, coagula-
tion, foaming, and emulsification.”'®”""* NaCl is frequently added
during the processing of egg-containing food products to enhance
taste, inhibit microbial growth,” and stabilize the emulsion.**!
The addition of NaCl to egg yolk affects its emulsification capac-
ity and viscosity."”" Furthermore, salted egg yolks are heated to
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produce many food items, such as egg yolk based pastries. In general,
the addition of salt to protein solutions is found to promote'” "’
or delay””' heat-induced denaturation and gelation. For example,
salt is added to protein aggregates to induce cold gelation.” * In
such cases, gelation is induced by reducing the electrostatic repul-
sion between the aggregates. However, in some cases, salt is found
to stabilize the quaternary structure of proteins*”** and, thus, delay
denaturation and further gelation. Furthermore, sodium chloride
can change the characteristics of gels by strengthening or weaken-
ing interactions between protein molecules.”” While there have been
reports on the impact of salt,'*”*"*" pH,”** and temperature'"'
on rheological qualities and gel strength, little attention has been
devoted to understand how an increase in ionic strength leads to
changes in the structure and dynamics of protein, or protein-lipid
systems.

In the past, rheology and microscopy were largely
used to investigate the evolution of viscoelastic properties and
microstructure during the gelation process in the presence of addi-
tives such as salt and acids. However, the evolution of the structure
and dynamics of individual yolk components during heating at
various ionic strengths is poorly understood. Moreover, the denat-
uration and aggregation of small proteins occur at nanometer to
micrometer length scales, and hence, these processes need to be
understood at the relevant length and time scales. In certain cases,
it is often challenging to investigate such processes due to the com-
plexity of multi-component protein samples and the requirement
to concurrently observe a wide window of length and time scales.
To tackle these problems, we utilize low-dose x-ray photon correla-
tion spectroscopy (XPCS), which allows us to simultaneously follow
structural and dynamical changes in the system in an in situ heating
experiment. XPCS is widely used to study the relaxation dynamics
of proteins,”” ** polymers,” °' colloids,” glasses,’’ and many hard*
and soft materials.”” In particular, our previous investigation on the
thermal gelation of egg yolk has contributed to the understanding
of spatiotemporal scaling laws and time-temperature relationships
underlying the process of thermal denaturation, aggregation, and
gelation.

Here, we study the effect of the NaCl concentration on the ther-
mal gelation of egg yolk utilizing XPCS experiments in ultra-small
angle x-ray scattering geometry (USAXS). We observe a reduc-
tion in the rate of heat-induced protein denaturation, aggregation,
and gelation with an increase in the salt concentration. However,
the activation energy barrier of these processes is not significantly
affected by the presence of salt. Our research provides informa-
tion on changes in the spatiotemporal scaling laws underlying these
non-equilibrium processes in the presence of salt ions. This work
emphasizes the tunability of sol-gel transition time by changing
ionic strength in a protein-lipid system, which is relevant for funda-
mental physics as well as for applications in food, pharmaceuticals,
and bionanotechnology.

16,29,44,51 29,44,51

Il. EXPERIMENTAL
A. Sample details

The egg yolk used in this study was extracted from a hen egg
bought from a local supermarket. The extraction of the yolk was
performed in the following manner: step 1: egg yolk was separated
from egg white using a steel strainer and then washed in Milli-Q
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water to remove extra albumen from the yolk. Step 2: the cleaned
yolk was transferred onto a filter paper to absorb extra water and
albumen on the surface. Complete removal of water and albumen
was achieved by rolling the yolk on the filter paper a few times.
Step 3: the vitelline membrane was pierced using a plastic pipette
tip, and the yolk was extracted and stored in a 15 ml falcon tube
at5°C.

To separate the yolk plasma from the yolk granules, the egg
yolk is centrifuged”” at 7197 rcf for ~48 h. After centrifugation,
yolk-granules were sedimented in the solution, leaving a yellow-
translucent liquid (egg yolk-plasma) on top [Fig. 3(b), inset]. The
major constituent of egg yolk-plasma is low-density lipoproteins
(LDLs) (85% of yolk-plasma), which are water-soluble entities with
a density of 0.982 g cm ™. The LDLs have a core-shell structure, as
depicted in Fig. 1(a). The core is made of triglycerides and choles-
terol esters in a liquid state, and the shell consists of a mono-film
of phospholipids onto which apolipoproteins adhere. The average
diameter of LDL is ~30 nm. Egg yolk-granules have a light yel-
low color compared to plasma, as depicted in Fig. 3(b). The egg
yolk-granules were diluted with Milli-Q water to a concentration
of 910 mg/ml for the XPCS measurements. Egg yolk-granules are
spherical complexes with a diameter of ~ 0.3-2 ym. They are made
up of LDLs, high-density lipoproteins (HDLs), and a protein called
phosvitin.”

To investigate the effect of ionic strength on gelation kinet-
ics and dynamics of egg yolk, NaCl powder (purchased from Carl
Roth GmbH) at different concentrations (see Table I) was added to
the yolk solution and kept for mixing using a magnetic stirrer for
12 h. The mixed samples were stored in a freezer at 5°C for up to
2 days of experimental duration. In the present study, the experi-
ments were performed 0-2 days after the addition of salt, and there
could be some additional effects if the samples were stored for longer
periods.'® The samples were transferred into quartz-glass capillaries
of diameter 1.5 mm. The capillaries were sealed with parafilm and
placed in the Linkam heating stage for performing USAXS-XPCS,
as depicted in Fig. 1. The yolk samples were heated to tempera-
tures in the range of 66-77 °C. Yolkplasma samples were heated
to 90 °C. The samples were heated from 22 °C to the desired set
temperature with a constant ramp of 150 °C/min. The temperature
calibration of the heating stage is provided in the supplementary
material. The time taken to reach the set temperature of 22°C is
denoted by tpeating. Two time scales are used throughout the text:
isothermal waiting time t,, and absolute waiting time tl,, which
are related via ty = ti, — theating- Here, t, = 0 denotes the onset of
heating.

B. Coherent x-ray scattering experiments

The low-dose USAXS-XPCS*” measurements were performed
at beamline P10 of PETRA III, DESY, Hamburg, Germany. The
schematic of the experiment is shown in Fig. 1(a). An x-ray beam
of size 100 x 100 ym® and photon energy of 8.54 keV is inci-
dent on the sample-capillary placed inside the Linkam heating cell
(Linkam Scientific Instruments Ltd., UK) in transmission geometry.
The scattered x-rays are collected using an EIGER X4M area detector
(pixel size = 75 x 75 um?) placed at a distance of 21.2 m down-
stream of the sample. This geometry provides access to a g-range of
0.005-0.22 nm™*. A typical scattering pattern from the experiment
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FIG. 1. (a) A coherent x-ray beam from a synchrotron source is scattered by the yolk sample contained in a quartz-glass capillary in transmission geometry. A 2D detector is
used to collect a time series of speckle patterns at a distance of 21.2 m from the sample. Various components in a salted egg yolk are shown in the top schematic. Egg yolk
contains ~52% of water and ~48% dry matter constituting LDLSs, yolk-granules, and a variety of proteins (livetins).” The LDLs constitute ~66% of total dry matter, and they
have a core-shell structure (average diameter ~ 30 nm).>*"*® The core of LDL is made of lipids (triglycerides, cholesterol esters, and free cholesterol), which are surrounded
by a shell of phospholipids, cholesterol, and apolipoproteins.? The egg yolk-granules constitute ~22% of total dry matter and are spherical complexes (diameter ~ 0.3-2
um°®’~%) made of LDLs, high-density lipoproteins (HDLs), and a protein called phosvitin.”>’" Parts of this schematic were created with Biorender.com. (b) Time-resolved
scattering intensity curves reveal the structural changes during an in situ heating experiment. The scattering intensities shown here are from pure yolk. (c) The intensity
autocorrelation function at a specific g value provides information about the sample dynamics.

TABLE I. Sample details.

Amount of yolk® Amount of salt Salt molarity
Sample (g) (mg) (mM)
Yolk 2.04 0.0 0
y300 2.04 18.6 300
¥500 2.04 31.0 500
y800 2.04 49.6 800
y1000 2.04 62.0 1000
y1500 2.04 93.0 1500
y2000 2.04 124.0 2000
y3000 2.04 186.0 3000

?Amount of yolk in the stock solution. The water content in the yolk is #52%.

is shown in Fig. 1(a). The azimuthally integrated scattering inten-
sity I(q) provides information about the structural changes in the
sample [Fig. 1(b)].

According to recent research, radiation damage causes struc-
tural and dynamical changes in protein samples.”””’” To prevent
radiation damage from over-exposure, the capillaries were shifted
laterally by 200 ym between two successive measurements across
the x-ray beam. In addition, an optimal configuration of silicon

absorbers was placed in front of the sample, and a total exposure
time was selected to limit the total absorbed dosage. In particular, all
measurements presented in this study were performed using dose
rates of 0.024 kGy/s and 0.082 kGy/s, and the absorbed dose per
scan was limited to 5 kGy (see the supplementary material for more
details). The data extraction and analysis were performed using
a Python-based analysis package—Xana,’® and a MATLAB-based
package—XPCSGUI, provided by the P10 beamline.

The time-resolved sample dynamics is extracted via two-time
correlation functions (TTCs), *%*77 %0

(Ipixe1 (q> 1) Ipixe1 (9 12) )

(Lpixel (> 1) Y{Ipixel (4, 12) ) '

where I is the intensity at a given point, (. ..) denotes the average
over pixels in a g-range of g+ Jq, and f; and ¢, are the differ-
ent experimental times. Here, the scattering wavevector ¢ is given
by (47/)) sin (), where 26 is the scattering angle and A is the
wavelength of the x-rays.

The absolute waiting time, f;,, increases along the diagonal
(t1 = t2) of a TTC (as displayed in Fig. 9), and #, = 0 indicates the
onset of heating. The relative time ¢ = |t; — t5| increases away from
the diagonal in the off-diagonal direction. The time-resolved one-
time autocorrelation function, g2 (q, ¢, t;,) at different ¢}, are obtained

from the TTCs via diagonal cuts”"' [C(q, t, t})] along ¢, as shown

C(g,t1,12) = (1)
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in Fig. 9(a). A typical g, function extracted from the scattering inten-
sity fluctuations is shown in Fig. 1(c). The g(q,t,t;,) are modeled
using the relation®’

@(att,) =1+pf(q.0f =1+ Blexp [-(t/t())]", ()

where f(q,t), 7(q), B, and p are the intermediate scatter-
ing function (ISF), relaxation time, speckle contrast, and
Kohlrausch-Williams-Watts (KWW) exponent,* respectively.

Here, the exponent y determines the shape of g, functions
and provides information about the nature of the dynamics. An
exponentially decaying correlation function (y = 1) together with
7(q) o< q* is the hallmark of Brownian motion, while com-
pressed exponential g, functions (y>1) are typically found in
arrested and/or out-of-equilibrium systems such as gels, foams,
and glasses™ *° but also in solid state systems with stress-driven
dynamics.”” Heterogeneous dynamics, for example, caused by poly-
dispersity or differently evolving regions in the sample, often lead to
stretched exponential decays (y < 1).%

Ill. RESULTS AND DISCUSSION

A. Structural and dynamical changes in egg yolk with
an increase in the NaCl concentration at T = 22°C

Hen egg yolk is a highly heterogeneous, multi-component,
crowded sample system with natural nano- and micrometer assem-
blies that are balanced by the subtle interplay of the interactions
between proteins, phospholipids, cholesterol, and water. A typical
scattering intensity I(q) curve of egg yolk is depicted in Fig. 2(a). The
key features are (i) I(q) o< g * at lower q values, indicating Porod-
scattering from the spherical yolk-granules, and (ii) structure factor
peak at g = 0.22 nm ™", originated from the LDL particles® (see also
Fig. S3 of the supplementary material). Upon the addition of NaCl,
subtle changes occur in the I(g) curves, indicating changes to the
individual yolk components.

First, the Porod regime is shifted to the lower g region,
and a new regime appears between the Porod and the peak at
g =0.22nm™". To quantify these changes, we fit the I(g) at low and
high g values using I(g) o< g P! and I(q) oc qP%, respectively.

In pure yolk, we observe a power law exponent of p1 = 4, indica-
tive of Porod scattering from the sharp interface of the yolk granules
in the non-salted environment. Note that the radius of yolk gran-
ules is R~ 1 ym,”” * and thus, Porod scattering is expected for
g>m/R~ 0.003 nm™".** With the addition of salt, the exponent
decreases to values of pl = 3, which indicates a fractal or rough
surface””” of the yolk granules, indicative of the deterioration of
the structure of the yolk granules. At larger g-values between 0.03
and 0.15 nm ™', we observe a new power law regime appearing in
the scattering intensity upon the addition of salt. The correspond-
ing exponent p2 increases from values of 0.6-1.5 with increasing
salt concentration. This may be connected to the breakdown of
the micrometer-sized granules into smaller granular species, lead-
ing to enhanced scattering in this g-range upon the addition of
salt [Fig. 2(a)].

These results are reproducible in the pure yolk-granule data
shown in Fig. 3(b). It is noted that with the addition of NaCl, the
color of the egg yolk changes from turbid yellow to partially trans-
parent yellow. Yolk-granules cause egg yolk turbidity, and a decrease
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FIG. 2. (a) Scattering intensity of egg yolk at different NaCl concentrations at
T = 22°C. The concentrations are displayed on the color scale. At lower and
higher q values, /(q) follows /(q) o< g~"' and /(q) o< g2, respectively, which
are indicated using dashed lines. The orange and blue vertical lines indicate the q
values of 0.03 and 0.22 nm~", respectively. (b) The power law exponents p1 and
p2 as a function of the NaCl concentration.

in turbidity does signify the breakdown of yolk-granules.”"*” Tt is

also reported that at high salt concentrations, the phosphocalcic
bridges in yolk-granules are broken due to the replacement of Ca**
ions by Na* ions, and phosvitin and HDL are solubilized.”

Second, the addition of salt does not seem to change the overall
spherical shape of LDL particles, as illustrated by constant scat-
tering intensity values close to the structure factor peak of LDL
at g= 0.22 nm™' [Fig. 3(b)]. Earlier works'® report rupture or
aggregation of LDLs in the presence of NaCl. Note that most of
these observations'® were made after storing the yolk for longer
durations, and in the present study, the experiments were per-
formed 0-2 days after the addition of salt. Furthermore, there is
an increase in I(q) in the g-region 0.01-0.15 nm™" of yolk-plasma
[Fig. 3(b)]. Such I(gq) changes are observed during heat-induced
denaturation of yolk-plasma proteins.”” Hence, we anticipate that
the addition of NaCl leads to structural modifications of yolk-plasma
proteins.

Next, we discuss the changes in the collective dynamics of egg
yolk with an increase in the salt concentration. Wave-vector depen-
dent intermediate scattering functions of yolk without and with
NaCl (2M) are compared in Figs. 4(a) and 4(b), respectively. There is
a pronounced slow-down in the dynamics of yolk at lower g values
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FIG. 3. (a) /(q) at g = 0.03 nm=" and q = 0.22 nm~" as a function of the NaCl
concentration at T = 22°C. (b) /(q) of yolk-plasma and yolk-granules without
and with NaCl (concentration: 1M) at T = 22 °C. Meaning of the legend: yp: yolk-
plasma and yg: yolk-granule. The inset image shows the yolk-plasma and yolk-
granules separated after centrifugation of the egg yolk.

with the addition of NaCl. To quantify the changes in the dynam-
ics, ISFs are fitted using Eq. (2), and extracted relaxation times and
KWW exponents are given in Figs. 4(c) and 4(d), respectively. Egg
yolk shows ballistic-type dynamics (7 o< g), which progressively
changes to 7 o g~* dependence with increasing salt concentration.
Such a peculiar g-dependence of the relaxation times has been
predicted for the correlation functions of vibrating flexible fractal
networks. Reuveni et al.”* calculate that the correlation functions for
such dynamics behave as f(q,t) = exp[-(t/7(q))"] with decorrela-
tion times of the form 7 oc g~??. Thus, our observations of 7(q)
oc g* and y = 0.5 of the y2000 sample are in good agreement with
this model for the dynamics of a flexible fractal network at g Rg > 1,
where Rg is the gyration radius. The corresponding dynamics can
be understood as being strongly influenced by the anomalous diffu-
sion of the spatially averaged mean square displacement of a network
bead.” Such a more fractal/fuzzy nature of the egg yolk granules
upon salt addition is also in agreement with the observed changes
in the I(q) at T = 22 °C (Fig. 2).

B. Kinetics of thermal gelation of yolk at different

NaCl concentrations

Figure 5(a) displays representative I(q) curves during the gela-
tion of the pure egg yolk sample at a temperature of T = 72°C.
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Clearly, there is an increase in the scattering intensity for
g >0.02nm™", reflecting the denaturation of yolk-plasma proteins.”
The yolk-plasma proteins, such as y— livetins, are the most unsta-
ble species in the yolk against temperature-induced changes and
denature at temperatures as low as 60 °C.”> Hence, the initial slow
increase in scattering intensity is indicative of heat-induced pro-
tein denaturation. However, the intensity in the lower g-regime
(g< 0.02 nm™) seems to be constant, suggesting the thermal
stability of yolk-granules at T = 72°C. Contrary to this observa-
tion, an overall increase in I(q) is observed in the presence of
NaCl [Fig. 5(b)], indicating the denaturation of yolk proteins. To
quantify the rate of structural changes, we calculate the scattering
invariant’™>”>*® using

Q= fq " £1(q) dg. 3)

1

The lower and upper limits of integration are q; = 0.02 nm™ and

g, = 0.17 nm™, respectively. Note that in pure yolk samples, an

increase in intensity is observed in a g range of 0.02-0.2 nm™*

[Fig. 5(a)] and this is the rationale for choosing this g range for esti-
mating Q. The estimated values of Q normalized with respect to the
initial value Q(tf, = 0) for all samples are shown in Figs. 5(c)-5().
We find the following similarities comparing the curves of all sam-
ples [Figs. 5(c)-5(f)]: (i) Q increases at all temperatures, (ii) the
increase in Q during the heating time fpeaing (time to reach the
set temperature from room temperature) is independent of the set
temperature, and (iii) after reaching the set temperature, the rate
at which Q grows depends on the temperature. In all cases, the
growth kinetics get faster with increasing temperature, as expected.
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FIG. 5. Evolution of /(q) of (a) pure egg yolk and (b) y2000 at T = 72°C. The
color bar indicates the absolute waiting time t;, from the onset of heating at 22 °C.
The normalized scattering invariant Q/ Q=0 as a function of t;, for (c) yolk, (d)
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indicate fheating (time taken to reach the set temperature of 22 °C). The color of
these lines matches that of data points at the same temperature. The arrows point
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However, there are a few noticeable changes between pure and salted
yolk samples. While there is a shallow increase in Q during the heat-
ing time (fpeating ~ 26-30 s) for the pure yolk sample [Fig. 5(c)], there
is an exponential increase in Q for all salted yolk samples. Note that
in salted samples, the yolk-granules are broken down and, hence, less
robust. The exponential increase in the scattering intensity during
the heating cycle could be an indication of the aggregate formation
of these reactive species.

Furthermore, for a given temperature, the slope of Q increases
with #, after theating [Figs. 5(c)=5(f)]. To quantify these changes, we
model the curves using a power-law function Q/Q(t, = 0) ~ t& at
low and high t,,. Note that isothermal waiting time t,, = ty, — theating-
For a given sample case, two power-law behaviors are observed at
all temperatures, and the corresponding « values are independent
of temperature. This implies a structural transition, and the tran-
sition time, t*, is identified by the intersection of two power-law
regimes. Here, ¢* indicates the sol-gel transition time as reported
in our earlier work.”” The transition time ¢* at each temperature T

ARTICLE pubs.aip.org/aipljcp
(a) ,olb)
66 °C 4 A 68°C /;
207 8 e8°C . ¢ 70°C g %
s ¢ 70°C X g 72°C / & s
3154 A 72°C N 72 °C A, \QP F2.0 »
S £ ﬁéf & | 9
o ) T (&7
1.0 il ’ L U 1.5
"'(tw/t* )0'01 : ~(tw/t*)°'°2
10-2 109 102 102 109 102
tw/t* tw/t*

2.2
2.04

$ 1.8

H

t

1.64

/0

1.4+

1.2

FIG. 6. Normalized scattering invariant Q/Q ) as a function of normalized
isothermal waiting time ¢, /t* for (a) yolk, (b) y500, (c) y1000, and (d) y2000.
The dashed lines indicate the power-law fits, and the power-law exponents are
provided close to the dashed lines.

is an indicator of the isothermal heating time needed by the sample
to form a gel from the liquid state.

The initial slow increase in Q points toward the denatura-
tion of yolk proteins.”” During this time, yolk proteins unfold their
native structure, and the buried hydrophobic regions get exposed.
This implies that stable proteins become more reactive, and the
covalent and non-covalent interactions of these unfolded proteins
lead to the formation of aggregates. The quick structural changes
observed after ¢* indicate the organization of protein aggregates,
which leads to the formation of a three-dimensional (3D) gel
network.

Interestingly, master curves are obtained after normalizing the
time axis by ¢t* values, as depicted in Fig. 6. This implies the time-
temperature superposition (TTS) of structural changes during yolk
gelation, suggesting the same mechanism underlying the structural
changes in each sample case with a temperature-dependent reac-
tion rate. However, the power-law exponents («) before and after
t* increase and decrease, respectively, with increasing salt concen-
tration (Fig. 6). This indicates that the rate of evolution of structure
during the heat-induced gelation is indeed affected by the addition
of salt. The relevance of t* becomes more evident when we compare
the dynamical information with the underlying kinetic development
in Sec. 1. D.

C. Kinetics of LDL aggregation at different NaCl
concentrations

In this section, we discuss the effect of the NaCl concentration
on the aggregation of LDL molecules in egg yolk. When egg yolk
is heated to T > 75 °C, yolk-LDLs fuse, form aggregate, and give a
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time, !, as indicated by the color bar. (c) The correlation length (¢ = ﬁ) esti-
pea

mated from the scattering profiles as a function of isothermal waiting time £, for
sample temperatures at different NaCl concentrations, as indicated in the legend.
The exponential and power-law fits using Egs. (5) and (6) on a pure yolk-plasma
sample are depicted using solid curves. The intersection of these fits (tioL) is
indicated by a dashed vertical line.

grainy microstructure to yolk gel.”” Representative I(g) curves of
yolk-plasma heated to 90 °C are shown in Fig. 7(a). Aggregation of
LDLs is indicated by the appearance of a peak at a higher g value
(qpeak) and its movement to lower g values as t{, increases. On com-
paring Figs. 7(a) and 7(b), a delay in the aggregation kinetics is
observed with an increase in ionic strength. To analyze the kinet-
ics of LDL aggregation, we extract the temporal evolution of the
correlation length using,

{ =21/ qpear (4)

The estimated { values are shown in Fig. 7(c). Clearly, a delay in
LDL aggregation kinetics is observed with an increase in the NaCl
concentration.
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FIG. 8. Growth rate k and the crossover time, fip., as a function of NaCl
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A careful evaluation of individual { curves reveals two aggre-
gation regimes.”” An exponential growth phase (stage-1) is fol-
lowed by a power-law growth phase (stage-II), as depicted in
Fig. 7(c). The exponential growth reflects reaction-limited aggrega-
tion (RLA) kinetics, whereas power-law growth indicates diffusion-
limited aggregation (DLA). In DLA, the rate of diffusion controls the
aggregation process,”” whereas in RLA, the rate of reaction controls
the aggregation, meaning that a fraction of particle collisions lead to
the formation of an aggregate.”

To quantify further, we model stage-I using,”

¢ oc ki), 5)

where k gives the growth rate. Stage-II is modeled with a power-law
function,”®

(o< th, (6)

where p is the power-law exponent. The exponential and power-law
fits using Eqs.(5) and (6), respectively, on { of a pure yolk sample
are shown in Fig. 7(c). Interestingly, the growth rate, k, decreases
with increasing salt concentration, as shown in Fig. 8. However,
the power-law exponent is found to be unchanged (u ~ 0.24 = 0.4)
with increasing salt concentration. The intersection of exponen-
tial (stage-I) and power-law (stage-II) fits gives the transition time,
fipL, as depicted in Fig. 7(c). The fipL increases with increasing
salt concentration (Fig. 8), reflecting the delay in LDL aggregation
kinetics.

D. Microscopic dynamics of egg yolk gelation
at different NaCl concentrations

In this section, we explore the effect of the NaCl concentration
on the microscopic dynamics of egg yolk during thermal gelation.
For this, we calculate the TTCs using Eq. (1). This results in a
two-dimensional correlation map of intensity correlations at the
experimental times t; and t,, as shown in Figs. 9(a)-9(d). Every
TTC in a single plot is collected from a new spot on the capillary,
and the dynamics in each TTC are well connected to the neighbor-
ing TTCs. This seamless continuation suggests that the x-ray beam
did not affect the sample dynamics during these measurements. In
Fig. 9(a), the TTC of pure yolk heated to 72°C is depicted. The
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thermal gelation at T = 72°C and q = 0.0055 nm~". The intermediate scattering
functions of (e) yolk and (f) y2000 heated to 72 °C at different waiting times, as
denoted by the color bar.

width of the yellow diagonal region of the TTC is directly pro-
portional to the relaxation time of the system and the exponential
increase in the width of the diagonal region at #, ~ 80 s, indicat-
ing the gelation of egg yolk at 72°C. On comparing other TTCs
at different salt concentrations [Figs. 9(a)-9(d)], it is evident that
the gelation of egg yolk is considerably delayed by the addition
of salt. To quantify these features, we extract the one-time corre-
lation functions (g,) from the TTCs. For this, we section a TTC
into several diagonal slices. One such diagonal slice is depicted in
Fig. 9(a). In the TTC, the diagonal axis represents sample age (),
and the perpendicular lines to this axis are the one-time correlation
functions as a function of the elapsed time t = |t; — t,|. These cuts
are called “constant sample age” cuts, which are used for further
analysis.” "’

The intermediate scattering functions extracted from TTCs at
different t{, of yolk and y2000 are shown in Figs. 9(e) and 9(f),
respectively, and the solid lines indicate the fits using Eq. (2). Inter-
estingly, our data revealed a slow-down in the dynamics spanning
five orders of magnitude (a fraction of a second to a few hours).
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The relaxation times extracted from the fit at ¢ = 0.0055 nm™

for all samples are plotted in Fig. 10. As reported in our earlier
work,” the temporal evolution of 7 displays four distinct regimes
(A, B, C, and D). In the present work, we have limited our exper-
imental time scales to regime-C. The dynamical regime-A and
regime-B are denoted by a dotted circle and a green-colored region
in Fig. 10. When egg yolk is heated to room temperature, fast
dynamics are observed in regime-A, indicating the fast motion of
yolk-granules caused by thermal fluctuations. The steady decrease
in 7 (~ (t)™") in regime-A is attributed to the movement of
the granules caused by an increase in their kinetic energy. After
reaching the set temperature (indicated by the lines close to the
horizontal-axis in Fig. 10), the system equilibrates at the final tem-
perature, which is reflected by the sudden jump from regime-A
to regime-B.

In regime-B, a shallow power-law slowdown in dynamics is
observed, which indicates the denaturation of yolk proteins.> Dur-
ing regime-B, the egg yolk proteins unfold their native structure,
exposing the hidden hydrophobic/sulthydryl groups and forming
aggregates through covalent and non-covalent interactions. Follow-
ing this power-law behavior, there is an exponential slow-down in
the dynamics observed in regime-C, indicating the solution-to-gel
transition.

Normalized relaxation time with respect to the equilibrium
relaxation time from regime-B as a function of normalized isother-
mal waiting time with respect to ¢* (extracted from the kinetic
evolution of the scattering intensity) gives a master curve as depicted
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t* (extracted from the kinetic evolution of the scattering intensity). The 7 values
are extracted at g = 0.0055 nm~". The dashed curve in the green-shaded region
indicates the power-law fit, and the solid curve in the white region indicates the
exponential fit.

in Fig. 11. This normalization helps to eliminate the variations
in the 7 of egg yolk samples due to the inherent heterogeneity
of the sample volume. The shaded region on the left side of the
plot represents regime-B. Clearly, the master curves obtained from
kinetics (Fig. 6) and dynamics (Fig. 11) deliver complementary
information on the evolution of the structure and dynamics of egg
yolk during thermal gelation at different salt concentrations. This
highlights the requirements of both structural and dynamic infor-
mation while characterizing a non-equilibrium phenomenon such
as gelation.

In addition, information about the nature of the dynamics can
be obtained by following the evolution of the KWW exponent and
the wave-vector dependence of 7 (T o< g7, where p is the exponent).
The evolution of y for all samples is provided in Figs. S7 and S8 of
the supplementary material. We observe y ~ 1.5 during the heating
cycle and regime-B. y then decreases in regime-C, reaching a min-
imum before slowly increasing again and reaching a value of 2 in
the arrested gel phase.”**" Furthermore, the exponent p also varies
while approaching t*, as shown in Fig. S9 of the supplementary
material. Close to the gel point, p increases, and the maximum of
p is approximately close to the minimum of y. Such behaviors are
found close to phase transitions.””'"” Further details can be found in
the supplementary material.

In general, the activation energy barrier of the solution to gel
transition can be extracted by modeling either the rate constant'®!
or the characteristic time scales'"”"'"° using the Arrhenius equation.
For this, we plot t* in an Arrhenius plot, as shown in Fig. 12(a).
As expected, the t* values of yolk are in good agreement with our
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is 460 + 20 kJ/mol. (b) t* as a function of NaCl concentration at T = 72 °C.

previous report.”” To quantify this further, we model t* values using

the Arrhenius equation,m 2,104
£ = Ae), 7)
In (t*) = & +In(A) (8)
T RT ’

where E, is the activation energy, R is the universal gas constant,
and T is the temperature in Kelvin. The constant 1/A is known as
the frequency factor or attempt frequency, as it gives the measure of
the frequency of collisions.

The addition of NaCl does not significantly alter the activation
energy of egg yolk gelation, which agrees with the results from differ-
ential scanning calorimetry.'”” The extracted activation energy from
the fits is 460 + 20 kJ/mol (110 kcal/mol, or 4.8 eV).

Interestingly, the sol-gel transition time at a specific tempera-
ture increases exponentially with NaCl concentration, as shown in
Fig. 12(b). This implies that the gelation of egg yolk is significantly
delayed with an increase in ionic strength. In other words, the rate
of denaturation—-aggregation—-gelation is significantly affected by the
ionic strength but not the gelation process itself, as the evolution
of 7 follows a master curve after normalization of time with sol-gel
transition time (Fig. 11).

Next, we compare our results with those of other protein sys-
tems. Earlier studies™ on the influence of NaCl on the heat-induced
gelation of egg white reported an increase in the activation energy of
gelation at higher salt concentrations. However, a decrease in activa-
tion energy with NaCl concentration was reported in whey protein
fractal aggregates.'”® Nevertheless, no change in activation energy
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was reported in the salt-induced gelation of soy-aggregates'” with
different concentrations of NaCl. Furthermore, the E, of calcium-
or acid-induced gelation of whey protein aggregates was not affected
by the concentration of CaCl,'"” or acid (HCI),''"" respectively, in
the limited range investigated. This implies that different proteins
behave differently with an increase in ionic strength, and this could
be related to the charge density and structure of proteins.

The delay in the gelation of the yolk with NaCl could
be attributed to the stability of the yolk constituents against
temperature-induced denaturation. Miles et al.''! describe two rea-
sons that lead to the thermal stability of collagen fiber, which,
although different in nature, can be employed for comparison and
inspiration. The mechanisms are (i) the loss of chain entropy, which
is brought about by the reduced number of molecular configurations
available due to molecules being increasingly attached covalently in
the presence of a cross-linking molecule, and (ii) the dehydration
caused by subjecting the fiber to a low water activity environment.
Some of these results could be extended to proteins as well. The
addition of NaCl leads to the dehydration of proteins.''? It is shown
that dehydration stabilizes the folded structure of the proteins.''’
Hence, dehydration caused by the presence of NaCl provides more
stability to proteins, and hence, the heat-induced denaturation rate
is significantly reduced.

IV. CONCLUSION

In summary, we investigated (i) the changes to the struc-
ture and dynamics of egg yolk components upon the addition
of NaCl (0.3-2 M) at room temperature and (ii) the influence
of NaCl on the aggregation of yolk-LDLs and gelation of yolk-
proteins at temperatures in the range of 66-90°C by employing
USAXS-XPCS. While yolk proteins and granules showed progres-
sive changes in their structure with an increase in ionic strength,
LDLs were found to restore their shape even at a 2M NaCl con-
centration. The rate of change of structural parameters during
denaturation, aggregation, and gelation is found to be influenced
by the change in ionic strength. However, the TTS relationship
observed in all samples indicates an identical mechanism underlying
protein aggregation—gelation with a temperature-dependent reac-
tion rate. The sol-gel transition time extracted from structural and
dynamical parameters follows Arrhenius behavior, and the activa-
tion energy of the gelation remained constant as the ionic strength
increased.

SUPPLEMENTARY MATERIAL

See the supplementary material for the calibration of the
Linkam heating cell and discussion of the x-ray beam influence on
the structure and dynamics of egg yolk.
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