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ABSTRACT
The effect of lowered pH on the thermal gelation behavior of hen egg yolk was investigated over the temperature range of 58–72 ○C using
lowdose Xray photon correlation spectroscopy in ultrasmallangle Xray scattering geometry. Progressive structural and dynamical alter
ations were observed at room temperature with decreasing pH, indicative of acidinduced protein denaturation, which correlates with an
increase in yolk viscosity. Temperature and pHdependent structural and dynamic investigation suggests an acceleration in gel formation
with decreasing pH. 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 behavior, with no significant change in the activation energy (450 ± 20 kJ/mol) of gelation. However, the pref
actor A systematically decreases with decreasing pH, indicating that acidification accelerates gelation primarily by increasing the frequency of
productive encounters without altering the fundamental energy barrier of the process.
© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0319351

I. INTRODUCTION

Protein gelation is a complex physicochemical process in
which proteins undergo structural rearrangements and intermolec
ular association to form a threedimensional network capable of
immobilizing water and other solutes. The process encompasses
multiple length and time scales,1–9 from molecular conformational
transitions to mesoscale network formation, and it is influenced
by noncovalent interactions such as hydrophobic forces, hydrogen
bonding, and electrostatics. Additives such as salts,5,7,9–11 acids,12–15
alkali,16,17 and others18,19 can significantly alter the gelation pathway
by modulating protein conformation, intermolecular interactions,
and the surrounding solvent environment. From a physicochem
ical standpoint, these components influence key factors such as

protein charge distribution, hydration shell dynamics, and the bal
ance between attractive and repulsive forces, thereby affecting both
the kinetics and thermodynamics of network formation. Addi
tives may promote or inhibit gelation, modify the microstruc
ture, or induce transitions between different gelation regimes (e.g.,
from diffusionlimited to reactionlimited aggregation). A detailed
understanding of how additives modulate the gelation pathway—by
influencing protein–protein and protein–solvent interactions—is
essential for elucidating the fundamental mechanisms of gelation
and for tailoring gel properties to suit specific applications in
food,20–22 biomedical,23,24 and biotechnology.25,26

Egg yolk, due to its rich and diverse composition of proteins
and lipids, serves as a multifunctional ingredient widely employed
in food systems,27,28 biotechnology,21,29 and other applications.21 It
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exhibits complex phase behavior and gelation characteristics, with
functional properties including emulsification, foaming, coagula
tion, and thermal gelation.5,21,30,31 Citric acid, a naturally occurring
organic acid, is frequently used to adjust the pH and ionic envi
ronment of proteinrich systems, including egg yolk. By lowering
the pH, citric acid induces conformational changes in yolk pro
teins and influences their charge distribution and intermolecular
interactions. These alterations can significantly affect the gelation
kinetics and network structure formed during thermal processing.
Moreover, citric acid’s chelating properties and antimicrobial activ
ity provide additional functional benefits, enhancing product safety
and shelf life. For example, the growth ofClostridium botulinum bac
teria is strongly inhibited as pH decreases from nearneutral (≈7.0)
to 4.6, resulting in a reduction in bacterial numbers by a factor of
1 × 106 (sixlog reduction) and establishing pH 4.6 as a critical safety
threshold.32 In acidified egg yolk systems, while pH 3.9 still permits
Salmonella bacteria growth at 25 ○C, lowering the pH to 2.9 leads
to over a 10 000fold reduction (fourlog) within 24 h, demonstrat
ing effective bacterial inactivation.33 However, strong acidification
(pH ≜ 4) often results in an undesirable sour taste in foods. To bal
ance safety and sensory quality, producers typically use milder acid
levels (pH ∈ 4) combined with other preservation methods—such
as refrigeration, thermal processing, and preservatives—rather than
relying solely on low pH. This combination of preservation tech
niques allows food safety to be maintained across a wider range of
pH values, which motivates our study over a pH range of 2.9–6.
Despite the widespread use of citric acid, a detailed understanding
of its effects on yolk gelation microstructure and dynamics remains
limited.

Previous studies have primarily relied on rheological
measurements5,13,14,34,35 and microscopy techniques13,34,35 to exam
ine how additives, such as acids and salts, affect the viscoelastic
properties and microstructure of proteinbased gels. While these
approaches have provided valuable macroscopic insights, they offer
limited information about the underlying structural and dynamical
processes occurring at the level of individual yolk components
during thermal gelation. This limitation is critical, as protein
denaturation and aggregation occur over a broad range of length
scales, from nanometers to micrometers, and evolve over large
time scales as well. The inherent heterogeneity of yolk, composed
of a mixture of proteins and fat, further complicates conventional
analysis, making it challenging to capture the full picture of gelation
dynamics. More generally, the relaxation modes of proteins in solu
tion provide an important framework for interpreting molecular
behavior in complex food matrices.2,4,36

To overcome these challenges, we utilize lowdose Xray pho
ton correlation spectroscopy (XPCS), a technique uniquely suited
to probe both the structure and dynamics of soft and hard con
densed matter systems in situ during thermal processing. XPCS
has been extensively employed to investigate the relaxation behav
ior of proteins,6,8,9,37–41 as well as other complex systems, including
polymers,42–44 colloids,45 glasses,46 and a variety of soft and hard
materials.47,48 In our previous work, we applied XPCS to eluci
date the role of ionic strength in modulating yolk gelation kinetics,
revealing that salt addition can significantly delay gel formation.7
In the present work, we extend this approach to examine how
acidification, through pH reduction, modifies the nanoscale dynam
ics and structural evolution during thermal gelation, offering new

insights into the fundamental mechanisms governing protein–lipid
interactions in complex food systems.

We investigate the effect of citricacidinduced pH reduction
on the thermal gelation of egg yolk using Xray photon correla
tion spectroscopy (XPCS) in an ultrasmallangle Xray scattering
(USAXS) geometry. By simultaneously probing the structural evo
lution and microscopic dynamics during heating, we examine how
acidification influences protein denaturation, aggregation, and gel
formation across a broad range of length and time scales. By ana
lyzing the structural and dynamic changes, we estimate the sol–gel
transition time, which indicates the transition point from the protein
denaturation–aggregationdominated phase to protein gel forma
tion. Furthermore, we analyze the temperature dependence of the
sol–gel transition time to assess whether changes in pH modify the
apparent activation energy or instead affect the kinetic prefactor
governing gelation. This approach provides a framework for under
standing the effect of additives on protein gelation by simultaneously
following the changes in kinetics and dynamics.

II. EXPERIMENTAL
A. Sample details

The egg yolk used in this study was obtained from a hen egg
purchased at a local supermarket. The extraction procedure involved
three steps. First, the yolk was separated from the egg white using a
steel strainer and rinsed with MilliQ water to remove residual albu
men. Second, the cleaned yolk was placed on filter paper and gently
rolled several times to absorb excess water and albumen from its sur
face. Third, the vitelline membrane was pierced with a plastic pipette
tip to release the yolk, which was then collected and stored in a
15 ml Falcon tube at 5 ○C.

Anhydrous citric acid was purchased from SigmaAldrich, and
0.6, 0.8, 1, 2, 3, 4, and 5 M solutions were prepared. To 2 g of yolk,
70 μl of citric acid solution was added and mixed with a magnetic
stirrer for ≈6 h. The weight percent of citric acid in the final mixture
is given in Table I (see supplementary material for calculations). The
mixed samples were stored in a freezer at 5 ○C for the duration of
the experiment. The pH value of the solution was estimated using a
pH meter (METTLER TOLEDO LLC, US) and is given in Table I.

B. Coherent Xray scattering experiments
Lowdose USAXSXPCS measurements in transmission geom

etry6 were performed at the beamline P10 of PETRA III, DESY,
Hamburg, Germany. A schematic representation of the experimen
tal setup is shown in Fig. 1. An Xray beam with a photon energy
of 8.54 keV and a beam size of 100 × 100 μm2 was directed onto
the samples, which were loaded into 1.5 mm (diameter) quartz cap
illaries, sealed with Parafilm, and mounted within a Linkam heating
stage (Linkam Scientific Instruments Ltd., UK) for USAXS–XPCS
measurements, as illustrated in Fig. 1. Xrays scattered from the sam
ple were recorded using an EIGER X4M area detector positioned
21.2 m downstream from the sample. The detector has a pixel size
of 75 × 75 μm2 and an active area of 155.2 × 162.5 mm2. This
configuration enabled access to a momentum transfer q range of
0.005–0.22 nm−1.

The yolk samples were heated to temperatures ranging from 58
to 72 ○C. Heating was performed from room temperature (22 ○C) to
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TABLE I. Overview of sample names and respective citric acid concentrations and pH.

Sample
Amount of
yolka (g)

Molarity of
added citric
acid (mM)

Amount of
citric acid
added (μl)

Citric acid
in the final

mixtureb (w/w%)
pH of
sample

Yolk 2 ⋅ ⋅ ⋅ 70 0 5.94
y600 2 600 70 0.39 5.14
y800 2 800 70 0.52 5
y1000 2 1000 70 0.65 4.83
y2000 2 2000 70 1.3 4.27
y3000 2 3000 70 1.95 3.98
y4000 2 4000 70 2.6 3.77
y5000 2 5000 70 3.25 2.92
aWater content in yolk is ≈52%.
bSee supplementary material for calculations.

FIG. 1. Coherent Xrays from a synchrotron radiation source are scattered by
the egg yolk sample contained within a quartzglass capillary. A twodimensional
detector positioned 21.2 m downstream from the sample collects a series of
speckle patterns for analysis. The schematic below the sample position illustrates
the various components of egg yolk with citric acid. Egg yolk is composed of ∼52%
water, with the remaining dry matter primarily consisting of lowdensity lipopro
teins (LDLs), yolk granules, and a range of proteins known as livetins.30 LDLs
represent about 66% of the total dry matter. LDLs are core–shell nanoparticles
with an average diameter of 30 nm.21,30,49 The LDL core contains lipids such as
triglycerides, cholesterol esters, and free cholesterol, which are encapsulated by a
shell comprising phospholipids, cholesterol, and apolipoproteins.21 Yolk granules
account for ∼22% of the dry matter and are spherical complexes ranging from 0.3
to 2 μm in diameter,50–52 composed of LDLs, highdensity lipoproteins (HDLs), and
the protein phosvitin.53,54 Portions of this schematic were created using BioRender.

the target temperature at a constant ramp rate of 150 ○C/min. Tem
perature calibration data for the Linkam heating stage are provided
in the supplementary material. The time required to heat from 22 ○C
to the set temperature is denoted as theating. Throughout the text, two
time scales are used: the isothermal waiting time, tw, and the absolute

waiting time, t′w, which are related by tw = t′w − theating. Here, t′w = 0 s
marks the onset of heating.

Recent studies have shown that prolonged exposure to Xrays
can induce radiation damage in protein samples, affecting both their
structure and dynamics.37,55–57 To mitigate such damage during
measurements, we employed a protocol involving lateral translation
of the capillaries by 200 μm between successive XPCS measure
ments, ensuring that each scan probed a fresh region of the sample.
In addition, a carefully optimized combination of silicon absorbers
was used to attenuate the beam, and the total exposure duration
was strictly controlled to minimize radiation dosage. All experi
ments were conducted using low dose rates of 0.024 kGy/s, with
the absorbed dose per scan kept below 5 kGy (see supplementary
material for details). Data reduction and analysis were carried out
using the Pythonbased package Xana58 and the MATLABbased
XPCSGUI toolkit provided by beamline P10.

Timeresolved dynamics of the yolk system were analyzed
through twotime correlation functions (TTCs),8,47,59–61 defined as

Cq, t1, t2 = ⟨Ipixelq, t1Ipixelq, t2⟩⟨Ipixelq, t1⟩⟨Ipixelq, t2⟩ , (1)

where Ipixel is the intensity at a pixel, ⟨. . .⟩ denotes the average over
pixels in a qrange of q ± δq, and t1 and t2 are different experimental
times. Here, the scattering wavevector q is given by 4π/λ sinθ,
where 2θ is the scattering angle and λ is the incident Xray wave
length. In the TTC maps, the absolute waiting time, t′w, progresses
along the diagonal t1 = t2, with t′w = 0 s corresponding to the onset
of heating. The relative lag time t = ∣t1 − t2∣ is represented along the
offdiagonal direction.

The evolution of sample dynamics at different stages of gela
tion is captured by extracting onetime autocorrelation functions,
g2q, t, t′w, from the TTC map via diagonal slices along constant
absolute waiting times,59,62 as depicted in Fig. 6(a). These autocorre
lation functions quantify the temporal decay of intensity fluctuations
at each wavevector and provide an estimate of dynamic relaxation in
the system. To characterize the relaxation behavior, the functions
are modeled using a stretched exponential form derived from the
intermediate scattering function (ISF),63
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g2q, t, t′w = 1 + β ∣ f q, t∣2 = 1 + β ∣exp [−t/τγ]∣2, (2)

where fq, t is the intermediate scattering function, τ is the charac
teristic relaxation time, β is the experimental speckle contrast, and γ
is the Kohlrausch–Williams–Watts (KWW) exponent64 describing
the width of the relaxation spectra.

Here, the exponent γ characterizes the shape of the intensity
autocorrelation function g2 and provides insight into the nature
of the underlying dynamics. A purely exponential decay γ = 1,
together with a relaxation time scaling as τq ∝ q−2, is charac
teristic of Brownian diffusion. Deviations from this behavior are
commonly observed in complex and soft matter systems. In partic
ular, compressed exponential decays γ ∈ 1 are typically associated
with arrested or outofequilibrium states, such as gels, foams, and
glasses,65–67 as well as with stressdriven dynamics in solidstate sys
tems.68 Conversely, stretched exponential decays γ ≜ 1 can arise
from several mechanisms, including memory effects associated with
transient caging,41,69 dynamical heterogeneity that may arise from
polydispersity, spatially heterogeneous relaxation, or the coexistence
of regions with different dynamical timescales within the sample.65

III. RESULTS AND DISCUSSION
A. Effect of decreasing pH on egg yolk microstructure
and dynamics at room temperature

Figure 2(a) shows the scattering intensity profile, Iq, for
native egg yolk (black curve). At low q, the intensity follows a q−4
dependence, characteristic of Porod scattering from the interfaces
of spherical yolk granules. A distinct structure factor peak appears
at q ≈ 0.22 nm−1, corresponding to the spatial correlations among
lowdensity lipoprotein (LDL) particles.6 The introduction of citric
acid leads to subtle but noticeable modifications in the Iq profiles,
suggesting acidinduced alterations in the yolk microstructure. Note
that the pH of native egg yolk is roughly 6, and upon addition of
citric acid at different molarities, the pH decreases, as illustrated in
Table I. The weight percent of citric acid in the final mixture is given
in Table I (see supplementary material for calculations).

To relate the experimental acidification level to common culi
nary practice, the amount of citric acid used in our model system
can be expressed in kitchenrelevant terms. In the y600 sample,
70 μl of a 600 mM citric acid solution was added to 2.0 g of egg yolk.
Scaled to a whole egg yolk (≈18 g), this corresponds to ≈73 mg of
citric acid, which is equivalent to ≈1.5 ml of fresh lemon juice (see
supplementary material for calculations). This volume is roughly 30
drops (1 drop ≈ 0.05 ml) or about 0.3 teaspoon, making the acidifica
tion level comparable to adding a small splash of lemon juice during
cooking.

Upon lowering the pH, a new powerlaw regime appears in the
qrange 0.02–0.2 nm−1. To quantify this behavior, we fit the scatter
ing intensity Iq in two regions: a lowq range (0.0135–0.02 nm−1)
and a higherq range (0.04–0.07 nm−1). The data are fitted using
powerlaw functions of the form Iq ∝ qp1 and Iq ∝ qp2 for the
low and highq regions, respectively. The resulting exponents are
shown in Fig. 2(b). The Porod exponent p1 remains nearly constant
down to pH ≈ 3.7, with a slight increase observed only at the low
est pH of 2.92. This minimal variation suggests that the spherical
structure of the granules remains largely stable against acidification
above a pH of 3.7. On the other hand, the powerlaw exponent p2

FIG. 2. (a) Representative scattering intensity curves of egg yolk at different pH
values, as mentioned in the color scale, with intensity normalized to fullbeam
conditions (attenuationcorrected) and reported as photons per pixel per second.
Iq⌞ follows Iq⌞ ∝ qp1 and Iq⌞ ∝ qp2 at lower and higher q values, respec
tively, which are indicated using dashed lines. The orange and blue vertical dotted
lines indicate the q values 0.07 and 0.22 nm−1, respectively. (b) Variation of the
powerlaw exponents p1 and p2 with pH, illustrating the influence of acidification
on gelation dynamics. (c) Iq⌞ at q = 0.07 nm−1 and q = 0.22 nm−1 as a function
of pH.

continuously increases with decreasing pH from 5.94 (native egg
yolk). Along with a change in p2, the scattering intensity increases
in the qregime 0.02–0.2 nm−1 [Fig. 2(c)], indicating the forma
tion of new structures. Furthermore, the addition of acid appears
to have little effect on the overall spherical morphology of LDL par
ticles, as indicated by the nearly unchanged scattering intensity near
the structure factor peak at q = 0.22 nm−1 [Fig. 2(c) and Fig. S4 of
the manuscript]. From these observations, we conclude that citric
acid mainly affects the yolk proteins, and the increase in intensity
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FIG. 3. (a) ∣ fq, t⌞∣2 of different samples at room temperature at q = 0.009 nm−1.
The solid lines are fits using Eq. (2). (b) The extracted τ as a function of pH. The
inset shows the extracted γ as a function of pH.

in the qregime 0.02–0.2 nm−1 is comparable to that expected for
temperatureinduced denaturation of yolk proteins.6

Next, we examine the changes in the collective dynamics of egg
yolk at room temperature as a function of decreasing pH. The inter
mediate scattering functions of yolk samples without and with added
citric acid are compared in Fig. 3(a). A pronounced slowdown in
dynamics is observed at lower pH values. To quantify this behav
ior, the ISFs are fitted using Eq. (2), and the extracted relaxation
times are presented in Fig. 3(b). Overall, the results reveal an expo
nential slowdown of the dynamics with decreasing pH. The KWW
exponent γ increases as pH decreases, indicating increasingly com
pressed relaxation spectra. The qdependence of the relaxation times
remains largely similar, as shown in Fig. S6.

B. Thermal gelation kinetics of yolk
in acidied environments

Due to the high viscosity of samples at pH values below 4, cap
turing their slow dynamics with XPCS requires extended measure
ment times [see Fig. 3(b)]. To enable systematic exploration across
multiple conditions and temperatures, we focused our temperature
induced gelation studies on a representative subset: y, y600, y800,
and y1000, where the numbers correspond to the molarity of the
citric acid solution added (see Table I for details).

Figure 4(a) shows representative Iq profiles during the ther
mal gelation of pure egg yolk at 66 ○C. A pronounced increase
in scattering intensity for q ∈ 0.02 nm−1 indicates the denat
uration of yolkplasma proteins.6 In contrast, the lowq region

FIG. 4. Evolution of Iq⌞ of (a) pure egg yolk (pH = 5.94) and (b) y1000
(pH = 4.83) at T = 66 ○C. Intensity is normalized to fullbeam conditions
(attenuationcorrected) and reported as photons per pixel per second. The color
bar represents the absolute waiting time t′w measured from the onset of heating
at 22 ○C. (c) The normalized scattering invariant Q/Qt′w=0⌞ as a function of t′w
for yolk. Short vertical ticks along the horizontal axis denote theating (time taken
to reach the set temperature from 22 ○C). The color of these lines matches that
of the data points at the same temperature. (d) The log–log plot of the normal
ized scattering invariant Q/Qt′w=0⌞ as a function of isothermal waiting time tw for
all samples at T = 66 ○C. The blue curves indicate the powerlaw fits at lowtw
and hightw regions on pure yolk data (pH = 5.94), and the vertical dashed line
indicates the intersection t∗⌞ of these powerlaw fits.

(q ≜ 0.02 nm−1) remains largely unchanged, suggesting that yolk
granules retain structural stability at this temperature. However,
when citric acid is introduced [Fig. 4(b)], a pronounced increase in
Iq for q ∈ 0.02 nm−1 is observed in comparison to the pure yolk
case, highlighting enhanced protein denaturation under acidic con
ditions. To quantify the rate of structural evolution, we compute the
scattering invariant6–8 using the following relation:

Q = q2


q1

q2 Iq dq. (3)

The scattering invariant was calculated by integrating the intensity
over the range q1 = 0.02 nm−1 and q2 = 0.17 nm−1 as an increase
in scattering intensity is observed in this q regime during heating.
The resulting Q values, normalized to the initial state Qt′w = 0 s,
are plotted in Fig. 4(c) and Fig. S5. Across all cases, several consistent
trends emerge: (i) Q increases with time at every temperature, and
(ii) once the target temperature is reached, the rate of increase in Q
becomes strongly temperaturedependent, accelerating with higher
temperatures. In Fig. 4(d), we present a comparison of Q/Qt′w = 0
for all samples at T = 66 ○C. It is evident that, at a fixed temperature
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and isothermal waiting time, a decrease in pH leads to an increase
in Q.

In addition, for each temperature, the slope of Q increases with
t′w after theating [Fig. 4(c) and Fig. S5]. To characterize these changes,
the data were fitted using a powerlaw function Q/Qt′w = 0 ∼ tαw at
both low and high values of tw [see fits on pH = 5.94 in Fig. 4(d)],
where tw = t′w − theating is the isothermal waiting time.

The presence of two distinct powerlaw regimes in the tem
poral evolution of the scattering invariant Q indicates a crossover
between two dominant structural processes. The earlytime regime,
characterized by a relatively small powerlaw exponent, suggests
the onset of yolk protein denaturation, consistent with the known
denaturation of eggyolk protein γlivetins at T ∈ 60 ○C.70 In gen
eral, when proteins are denatured, protein chains can interact more
extensively through disulfide bonds, which leads to the formation
of aggregates.71,72 At later times, a second powerlaw regime with
a markedly larger exponent emerges, signifying a rapid accelera
tion of structural rearrangements and suggesting the association
and organization of these aggregates into an interconnected three
dimensional gel network.5 The characteristic time t∗, defined by the
intersection of the two powerlaw fits, therefore marks the transition
from a denaturationaggregationdominated regime to a gelation
dominated regime and is identified as the sol–gel transition time.
In addition, we observe structural changes at nanometer length
scales (Fig. S8), with their growth markedly accelerated at lower pH
(Fig. S9), aligning with the observations in Fig. 4(d).

Notably, when the time axis is normalized by the characteris
tic sol–gel transition time t∗, master curves emerge, as shown in

FIG. 5. The normalized scattering invariant Q/Qt′w=0⌞ as a function of normalized
isothermal waiting time tw/t∗ for (a) yolk, (b) y600, (c) y800, and (d) y1000. The
dashed lines represent the powerlaw fits, with their corresponding exponents dis
played alongside. In (a) and (b), the powerlaw exponents at lowtw and hightw
regimes are ≈0.01 and ≈0.2, respectively. In (c), the powerlaw exponents at low
tw and hightw regimes are ≈0.01 and ≈0.18, respectively. In (d), the powerlaw
exponents at lowtw and hightw regimes are ≈0.02 and ≈0.135, respectively.

Fig. 5. This observation reveals the presence of time–temperature
superposition (TTS) behavior in the structural evolution during yolk
gelation, indicating that a common underlying mechanism governs
these changes across all samples, with the reaction rate modulated
by temperature. As the pH drops below 5, the powerlaw exponent
in the low–tw region exhibits a modest increase, while the exponent
in the hightw region shows a slight decrease (refer to the exponents
presented in Fig. 5). This trend demonstrates that increasing acid
concentration impacts the kinetics of structural evolution during
heatinduced gelation. The importance of t∗ is further highlighted
when correlating this kinetic insight with dynamic measurements
discussed in Sec. III C, providing a deeper understanding of the
gelation process.

Reported isoelectric point values for the major protein com
ponents of hen egg yolk vary across the literature, reflecting its
compositional complexity. Previous studies have placed the iso
electric point of yolk proteins in the acidic regime, with reported
values ranging from approximately pH 5–673 and a pH of ≈4.6.74
Despite this variability, both reports indicate that charge neutrality
is approached at moderately acidic pH, where electrostatic repul
sion between proteins is minimized. Approaching this regime is,
therefore, expected to enhance aggregation propensity and promote
protein–protein interactions, which is consistent with the observed
acceleration of gel formation at lower pH in the present study.

C. Microscopic dynamics of thermal gelation
of egg yolk at acidic pH

In this section, we investigate how citric acid influences the
microscopic dynamics of egg yolk during thermal gelation. This
is realized by calculating TTC maps using Eq. (1). Representative

FIG. 6. TTC map of (a) yolk (pH = 5.94) and (b) y800 (pH = 5) during thermal
gelation at T = 70 ○C and q = 0.0055 nm−1. For better visibility, individual TTCs
are shown separately in Fig. S7 of the supplementary material. The corresponding
intermediate scattering function of (c) yolk and (d) y800 heated to 70 ○C as a
function of absolute waiting times is denoted by the color bar.
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TTC maps of the yolk and y800 sample heated to 70 ○C are given
in Figs. 6(a) and 6(b). There are three TTC maps in Fig. 6(a) (for
better visibility, individual TTCs are shown separately in Fig. S7
of the supplementary material). Each of them is acquired from a
fresh sample region along the capillary. The consistent and contin
uous dynamics observed across neighboring TTCs indicate that the
Xray beam had no noticeable impact on the sample behavior during
measurements. The width of the yellow diagonal band in the TTCs
is directly proportional to the relaxation time of the sample. The
exponential increase in the width of this yellow band with increas
ing waiting time indicates an exponential increase in relaxation time
and, hence, gel formation.6 A comparison between Figs. 6(a) and
6(b) reveals that gel formation proceeds significantly more rapidly
under acidic conditions.

To quantify these observations, we extract onetime correla
tion functions g2q, t, t′w by slicing the TTCs diagonally into several
sections. One such diagonal slice is illustrated in Fig. 6(a). These
cuts are known as “constant sample age” cuts,59,62 which are used
for further analysis. The intermediate scattering functions, extracted
from TTCs at various t′w for yolk and y800 samples, are pre
sented in Figs. 6(c) and 6(d), respectively. Here, solid lines represent
fits using Eq. (2). The extracted relaxation times, τ, from the fits
(at q = 0.0055 nm−1), are plotted in Figs. 7(a)–7(d) for all sam
ples and several temperatures. During thermal gelation of egg yolk,
the temporal evolution of τ exhibits four distinct regimes (A, B, C,
and D), as reported in our earlier work.6 In this study, we focus on
dynamics up to regime C due to experimental time constraints.

Regimes A and B are highlighted by a dotted circle and
a greenshaded region in Figs. 7(a)–7(d). The relaxation times

τ are extracted at a wavevector q = 0.0055 nm−1, which corre
sponds to probing dynamics on a realspace length scale of ∼1 μm2π/q. This length scale is comparable to the size of yolk granules,
which are micrometersized structural entities, and is much larger
than the characteristic sizes of individual proteins and lowdensity
lipoproteins, which are on the order of tens of nanometers. As a
result, the measured dynamics primarily reflect the motion of yolk
granules rather than that of smaller molecular components. Con
sistently, the lowq scattering is governed by a Porod powerlaw
behavior that originates from the presence of these large granules.
Consequently, the motion of yolk granules reflects the evolution
of the effective viscosity of the surrounding medium during heat
induced gelation in the temperature range studied here. Upon heat
ing from room temperature, a gradual decrease in τ is observed
during the heat ramp, which follows a power law ∼ t′w−0.3. We
anticipate that this behavior arises from enhanced kinetic energy
of the yolk granules coupled with the temperaturedependent
reduction in the viscosity of the aqueous phase.

Once the sample reaches the set temperature [indicated by ver
tical markers near the xaxis in Figs. 7(a)–7(d)], a transition to
regime B is observed, marking the onset of thermal equilibration.
In regime B, the relaxation time τ exhibits a powerlaw increase
with waiting time, indicating a progressive reduction in micro
scopic mobility as structural changes develop in the system. Egg
yolk plasma proteins are known to undergo denaturation at tem
peratures above 60 ○C.70 As thermal denaturation proceeds, proteins
expose reactive functional groups that enhance intermolecular inter
actions, including the formation of disulfide bonds, and promote
protein aggregation.71,72,75 The gradual buildup of these aggregates
provides a physical basis for the observed continuous slowing down

FIG. 7. Relaxation time of (a) yolk, (b) y600, (c) y800, and (d) y1000 at several temperatures, as indicated in the legends. All τ values are extracted at q = 0.0055 nm−1.
Short vertical ticks along the horizontal axis denote theating (time taken to reach the set temperature from 22 ○C). The color of these lines matches that of the data points at
the same temperature. Regime A is highlighted by a dotted circle, while regime B is indicated by a greenshaded region. Relaxation time τ⌞, normalized by the equilibrium
relaxation time at the set temperature (τB—the relaxation time at the beginning of regime B), as a function of normalized isothermal waiting time tw/t∗⌞ for (e) yolk, (f)
y600, (g) y800, and (h) y1000.
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of the dynamics in regime B. Following regime B, a clear dynami
cal transition from powerlaw behavior to an exponential slowdown
is observed (regime C), with the transition time decreasing as the
temperature increases. Such an exponential arrest of the dynam
ics is a wellestablished signature of sol–gel transitions in protein,
polymer, and colloidal systems.8,76,77 Protein denaturationdriven
gelation is expected to manifest as a rapid increase in the relaxation
time by several orders of magnitude, reflecting the development of a
mechanically arrested network. Since the sol–gel transition is char
acterized by a strong increase in viscosity,78 and the relaxation time
τ is directly linked to the local viscosity probed by XPCS, the pro
nounced slowdown observed in regime C provides clear dynamical
evidence for the formation of a yolk gel network.

The relaxation times, normalized by the equilibrium value from
regime B, are plotted as a function of the isothermal waiting time
normalized by the sol–gel transition time t∗ (from kinetic measure
ments), resulting in a master curve, as shown in Figs. 7(e)–7(h). This
normalization mitigates sampletosample variations in τ arising
from the intrinsic heterogeneity of the sample. Complementary vis
cometry measurements on egg yolk show good agreement between
the sol–gel transition times estimated from XPCS and from vis
cometry.6 The greencolored region on the left side of the plot
indicates regime B. This master curve highlights the presence of
TTS in yolk gelation dynamics, showing that all samples follow a
common gelationmechanism influenced by temperaturedependent
reaction rates. Notably, Fig. 5 reveals two powerlaw regimes in
the structural evolution, separated by the gelation time t∗, while
Figs. 7(e)–7(h) show that the relaxation time exhibits a distinct
crossover at the same t∗, transitioning from a powerlaw to an expo
nential slowdown. Together, these master curves provide comple
mentary insight, demonstrating that a full understanding of thermal
gelation at acidic pH requires coupling structural information with
dynamical signatures.

Figure 8(a) presents the Arrhenius plot for t∗, where the
observed values of pure yolk align closely with those reported in our
earlier study.6 To gain deeper insight, we fit the t∗ values using the
Arrhenius equation,79,80 allowing quantification of the temperature
dependence:

t∗ = A e( Ea
RT ), (4)

ln t∗ = Ea
RT

+ ln A, (5)

where Ea is the activation energy, R is the universal gas constant,
and T is the temperature in Kelvin. The term 1/A, often referred to
as the frequency factor or attempt frequency, reflects the frequency
of collisions between reactant molecules. Here, the Arrhenius law is
an approximate description for this complex system.

Lowering the pH by adding citric acid does not significantly
affect the activation energy of egg yolk gelation, consistent with find
ings from other protein systems.15,81 The fitted activation energy
remains approximately constant at a value of 450 ± 20 kJ/mol
(≈108 kcal/mol or 4.7 eV).

Interestingly, as shown in Fig. 8(b), the sol–gel transition time
at a fixed temperature (T = 66 ○C) decreases with decreasing pH (i.e.,
increasing citric acid concentration). This indicates that acidification
significantly promotes the gelation process, likely by modulating the

FIG. 8. (a) Arrhenius plot illustrating the temperature dependence of t∗ at various
acidic pH levels. Circular markers represent data from our previous study6 for
pure egg yolk. The solid lines show fits using Eq. (5). The solid lines represent fits
using Eq. (5). The extracted activation energy from the fits is 450 ± 20 kJ/mol. (b)
Variation of t∗ with acidic pH values at T = 66 ○C.

interactions driving protein denaturation and aggregation. Notably,
while the overall kinetics are accelerated, the underlying gelation
mechanism remains unchanged—evidenced by the collapse of relax
ation time data onto a master curve when time is normalized by the
sol–gel transition point [Figs. 7(e)–7(h)].

Our results show that acidified egg yolks gel faster during
heating because low pH promotes partial denaturation, reduces
electrostatic repulsion, and enhances aggregation of yolk proteins.
While the activation energy Ea remains constant, the prefactor A
decreases systematically with decreasing pH [indicated by the shift
of curves in Fig. 8(a)], corresponding to a shorter gelation time
[Fig. 8(b)] without a change in the energy barrier. This points
to a separation of roles: lowering the pH primarily increases the
probability of productive encounters—most plausibly by reduc
ing electrostatic repulsion and thereby enhancing the lifetime of
protein–protein contacts—whereas the subsequent bondformation
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or restructuring step that locks these contacts into a gel network
is governed by an activated process whose energy barrier is overall
pHindependent.

By systematically comparing the effects of ionic strength7 and
pH (present study) on thermal gelation within a unified experimen
tal framework,6 we show that the characteristic activation energy
associated with eggyolk gelation remains similar across different
biochemical environments, even though the scaling laws under
lying kinetics and dynamics differ substantially. This comparative
approach indicates that variations in ionic strength or pH primarily
influence the efficiency and likelihood of productive protein–protein
encounters, while the energetic barrier associated with the formation
of a gel network appears to be largely preserved. From a food
processing perspective, this finding is particularly relevant, as pH
and salt concentration are routinely adjusted during the formula
tion, preservation, and thermal processing of eggbased products
to control texture, stability, and functionality. Understanding how
these parameters modulate gelation kinetics without fundamentally
altering the underlying energy landscape provides a physicochem
ical basis for optimizing processing conditions while maintaining
consistent product quality.

Next, we compare our findings with other protein systems. Pre
vious studies have reported that the activation energy of gelation for
whey proteins81 and soy proteins15 remains unaffected by changes in
pH, which aligns with our observations in acidified egg yolks. Sim
ilarly, the activation energy was found to be independent of ionic
strength variations in both soy protein systems82 and egg yolk.7 This
suggests that modifying pH or ionic strength may influence gelation
behavior (gel strength or onset time) but not the fundamental energy
barrier Ea needed for gelation to occur, at least for some protein
systems.

IV. CONCLUSION
In summary, we investigated the changes in the structural and

dynamical evolution of hen egg yolk during heatinduced gela
tion upon acidification using lowdose USAXSXPCS. Acidinduced
lowering of pH led to partial denaturation of yolk proteins, while
LDLs remained morphologically stable across the examined pH
range. The rates of denaturation, aggregation, and gelation processes
were strongly accelerated by decreasing pH. Despite these kinetic
enhancements, the observation of time–temperature superposition
across temperatures at each pH indicates that the mechanism is the
same across temperatures for a given pH, with pH primarily shifting
the intrinsic timescale of the gelation process. The sol–gel transition
times derived from both structural and dynamical observables can be
described by an effective Arrhenius law. While the extracted activa
tion energy, Ea, remains largely unaffected by pH variation, the pref
actor A decreases systematically with decreasing pH, corresponding
to a shorter gelation time without altering the fundamental energy
barrier. This indicates that acidification modulates gelation primar
ily by increasing the probability of productive encounters—most
plausibly by reducing electrostatic repulsion and thereby enhancing
the lifetime of protein–protein contacts—whereas the subsequent
bondformation or restructuring step that locks these contacts into
a gel network is governed by an activated process whose energy
landscape remains essentially pHindependent.

SUPPLEMENTARY MATERIAL
Calibration of the Linkam heating cell; estimation of citric acid

weight percent in acidified yolk mixtures; structural features of egg
yolk components at room temperature in pure yolk; Iq of yolk
at different pH; scattering invariant of acidified yolks; wavevector
dependent τ and γ of all samples at room temperature; comparison
of the acidity of y600 to kitchen values; and discussion of the Xray
beam influence on the structure and dynamics of egg yolk.
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