
Article https://doi.org/10.1038/s41467-023-41202-z

Exploring non-equilibrium processes and
spatio-temporal scaling laws in heated egg
yolk using coherent X-rays
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Marvin Kowalski 2, Mohammad Sayed Akhundzadeh2, Sebastian Retzbach 3,
Maximilian D. Senft 3, Michelle Dargasz 2, Dennis Gutmüller3,
Anusha Hiremath 3, Marc Moron 4, Özgül Öztürk 2,
Hanna-Friederike Poggemann 3, Anastasia Ragulskaya 3, Nafisa Begam 3,
Amir Tosson 2, Michael Paulus 4, Fabian Westermeier 1, Fajun Zhang 3,
Michael Sprung 1, Frank Schreiber 3 & Christian Gutt 2

The soft-grainy microstructure of cooked egg yolk is the result of a series of
out-of-equilibrium processes of its protein-lipid contents; however, it is
unclear how egg yolk constituents contribute to these processes to create the
desiredmicrostructure. By employing X-ray photon correlation spectroscopy,
we investigate the functional contribution of egg yolk constituents: proteins,
low-density lipoproteins (LDLs), and yolk-granules to the development of
grainy-gel microstructure and microscopic dynamics during cooking. We find
that the viscosity of the heated egg yolk is solely determined by the degree of
protein gelation, whereas the grainy-gel microstructure is controlled by the
extent of LDL aggregation. Overall, protein denaturation-aggregation-gelation
and LDL-aggregation follows Arrhenius-type time-temperature superposition
(TTS), indicating an identical mechanism with a temperature-dependent
reaction rate. However, above 75 °C TTS breaks down and temperature-
independent gelation dynamics is observed, demonstrating that the tem-
perature can no longer accelerate certain non-equilibrium processes above a
threshold value.

Egg yolk is widely utilised as a culinary component due to its high
nutritious value1 and excellent emulsifying and gelling abilities2–5.
When heated, it undergoes a solution-to-gel transition and although
this looks very simple from a cooking point of view, the final gel
microstructure is the result of a series of out-of-equilibrium pro-
cesses of its protein and lipid contents. Typical processes involved
during heating are fusion, denaturation, aggregation, and gelation
which are coupled by a hierarchy of length, time and energy scales6,7.
Rheology3,4,8–10 and microscopy9,10 have been used to study the

viscoelastic properties and structure of yolk gel, providing an
average picture of the final gel and its elastic properties. However,
the temporal evolution of the structure of its main constituents such
as the yolk-plasma proteins, low-density lipoproteins (LDLs), and
yolk-granules during heating including the formation of the grainy
nanoscale structure is not well understood. Similarly, the time scales
and dynamics of the nano- and microscopic processes that con-
tribute to the macroscopic viscosity and the microstructure of the
egg yolk gel are also still unclear despite the omnipresence of egg
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yolk in our kitchens, in the food industry2,5,11, and also in
biotechnology12,13.

Apart from its food, biological, and therapeutic value2,14, the
diversity of proteins and high concentration of LDLs make egg yolk
also an ideal candidate for studying the physics behind biologically
relevant non-equilibrium processes. Most often denaturation and
aggregation of proteins and LDLs are undesirable in biological sys-
tems, especially in relation to the pathogenesis of several human dis-
eases such as Alzheimer’s disease15, Parkinson’s disease16,
atherosclerosis17, and others18. Furthermore, the instability and
aggregation of protein drugs, caused by deviations from optimal
conditions of temperature, pH, ionic strength, etc. are one of the main
challenges the pharmaceutical industry faces19. Thus the nanoscopic
non-equilibrium processes involved in protein aggregation need to be
understood on the relevant time and length scales which would also
aid other applications5,20,21 as well. However, often the complexity of a
multi-component protein sample and the need to experimentally
monitor simultaneously a large window of length and time scales
renders experimental insights difficult.

Here, we employ low-dose X-ray photon correlation spectroscopy
(XPCS)22–26 in ultra-small angle X-ray scattering (USAXS) geometry and
investigate the contribution of the yolk constituents plasma proteins,
LDLs, and yolk-granules, to the formation of the grainy-gel micro-
structure under heat induction. We find that at temperatures below
75 °C only the proteins of the yolk-plasma undergo gelation and forma
protein gel network, whereas at higher temperatures (>75 °C), fusion
and aggregation of LDLs along with protein denaturation result in the
formation of a grainy-gel-microstructure. The relaxation times of the
yolk are determined by the extent of protein gelation and are unaf-
fected by the nanoscale structural changes that occur during LDL
aggregation.

We observe that the temporal evolution of the structure of the
protein gel network, the aggregation of LDLs and the microscopic
relaxation rates each follow particular scaling laws, which collapse
onto master curves when scaling the waiting times during cooking
with their respective characteristic time scales. The scaling para-
meters largely follow an Arrhenius temperature behaviour and thus
the overall kinetic and dynamical evolution governing protein
denaturation-aggregation-gelation and LDL aggregation follows
Arrhenius-type time-temperature superposition (TTS)27. This
implies identical mechanisms with temperature-dependent reac-
tion rates. However, above 75 °C, the TTS behaviour breaks down
and instead a temperature-independent gelation dynamics is
observed. This indicates that, remarkably, thermal energy can no
longer accelerate certain non-equilibrium processes above a tem-
perature threshold pointing toward the presence of intrinsic time
scales.

Finally, we construct from the data a generic time-temperature
phase diagram for the out-of-equilibrium processes during egg yolk
gelation. The diagram illustrates the coupling of the nanoscale pro-
cesses that give rise to the gel structure in a wide range of time-
temperature combinations. We expect that these results are relevant
beyond egg yolk and that similar scaling laws will accompany a large
range of denaturation phenomena and nanoscale structure formation
in dense protein systems.

Results
The heat-induced gelation of egg yolk is the result of a series of out-of-
equilibrium processes coupled by a hierarchy of length and time
scales.While themicrostructure of the system changes from a protein-
lipid solution to a soft grainy-gel network via protein gelation and LDL
aggregation, the viscosity is expected to show an exponential increase
at this transition8. In the context of food science, this indicates the
onset of changes in texture and correlates with themouth feel of food.
In general, these processes are also relevant for the fundamental

understanding of nano- to micro-scale structure formation in con-
centrated protein/lipid systems. This implies that a complete under-
standing of these complex non-equilibrium processes necessitates a
simultaneous understanding of changes in the structure and dynamics
of its components28,29. XPCS is a potential solution to accomplish
this goal.

Figure 1a shows a sketch of the experimental setup used in this
study. A coherent X-ray beam is scattered by the sample contained in a
capillary in transmission geometry. The scattered X-rays are recorded
by a fast area detector at a distance of 21.2m from the sample (see
Methods for further details). This configuration provides access to
scattering wave vectors, q, in a range from ≈0.005 nm−1 to ≈0.2 nm−1.
While the temporal evolution of the azimuthally integrated scattering
intensity profiles (Fig. 1b) provides information about structural
changes, the intensity autocorrelations (Fig. 1c), extracted by corre-
lating the temporal scattering intensity fluctuations at a specific q
value, provide information about the sample dynamics. The com-
plexity of the egg yolk sample is depicted in Fig. 1a. The egg yolk
contains micron-sized non-soluble aggregates called granules which
are dispersed in a clear yellow fluid called egg yolk-plasma that con-
tains LDL and water-soluble proteins (livetins)3. More details can be
found in Supplementary Fig. 1.

Employing the experimental setup indicated in Fig. 1, we
investigated the temporal evolution of structure and microscopic
dynamics associated with the heat-induced non-equilibrium pro-
cesses in hen egg yolk at temperatures in the range of 63 °C to
100 °C. The samples were heated at a rate of 150 °C/min to a final
temperature, T and hold at this temperature upon reaching it, while
X-ray data series were collected in parallel. Throughout the text,
two time scales are used, isothermal waiting time tw and absolute
waiting time t0w, which are related via tw = t0w � theating, where theating
is the time taken to reach the final T, estimated from temperature
calibration curves of Linkam heating stage (see Supplementary
Fig. 3). From the time-resolved azimuthally integrated scattering
intensity, I(q), we identify two types of structural changes in the
systemdepending on the temperature. This represents two separate
non-equilibrium processes that occur at low (63 °C ≤ T < 75 °C) and
high (75 °C ≤ T ≤ 100 °C) temperatures, as described in the following
sections.

Protein denaturation at low temperatures 63 °C ≤T < 75 °C
We first investigate the structural changes observed in the low-
temperature regime 63 °C ≤ T < 75 °C. Figure 2a depicts the temporal
evolution of representative scattering profiles as a function of q for
increasing isothermal waiting times at a sample temperature of
T = 68 °C (I(q) of other temperatures are provided in Supplementary
Fig. 10). Two distinct trends are observed in the low-q (<0.02 nm−1)
and the high-q (0.02–0.17 nm−1) regime. While I(q) in the low-q
regime remains unchanged, it increases as a function of isothermal
waiting time, tw in the high-q regime. As depicted in Fig. 2a, I(q) at
low q follows a power-law dependence (I(q)∝ q−4), indicating Porod
scattering30 contribution of egg yolk constituents. It has to be noted
that the radius of yolk-granules is R ≈ 1 μm31–33 and Porod scattering
is expected for q > π/R ≈ 0.003 nm−1 34. Hence the scattering con-
tribution at low q originates from the surface scattering of micron-
sized yolk-granules. This is further confirmed by comparing the I(q)
of yolk, yolk-granules and yolk-plasma as depicted in Supplemen-
tary Fig. 9.

The almost constant scattering profiles in the low-q regime reflect
the thermal stability of granules at temperatures below 72 °C35, 36,
which is attributed to the large number of phosphocalcic bridges that
link high-density lipoproteins (HDLs) and phosvitin inside yolk-
granules. The phosphocalcic bridges are responsible for the compact
and poorly hydrated structure of yolk-granules, which effectively
protects granules from heat-driven aggregation35–37.
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To quantify the observed increase in intensity in the high-q
regime, we calculate the scattering invariant, Q,25,38,39 using

Q=
Z q2

q1

q2 IðqÞ dq: ð1Þ

The lower and upper limit of integration (q1 = 0.02 nm−1 and
q2 = 0.17 nm−1) are indicated by vertical arrows in Fig. 2a. The extracted
values of Q normalised with respect to the initial value Q0 (Q(tw =0)
before heating, see Supplementary Fig. 11) are shown in Fig. 2b. Clearly,
Q increases with tw at all temperatures, and the rate of increase in Q is
temperature-dependent. In addition, for a given temperature, the
slope of the curve increases with tw. In order to quantify these effects,
wemodel the curves using a power-law (Q=Q0 ∼ tαw) at low and high tw.
Interestingly, for all T < 75 °C, we find two regimes whereQ/Q0 follows
∼ t0:04w and ∼ t0:2w at low and high tw, respectively. This suggests a
structural transition, and the transition time, t*, is estimated by the
intersection of the two power-law fits. The resulting t* for T = 65 °C is
shown in Fig. 2b, and the same procedure for other temperatures is
given in Supplementary Fig. 12.

The egg yolk proteins, especially γ-livetin, are known to denature
at T > 60 °C40. Hence, the initial slow increase inQ is indicative of heat-
induced protein denaturation40–42. Following the literature41–45 on
protein denaturation and gelation, we speculate that the quick

structural changes observed after t* indicate the association of lower-
order protein aggregates that results in a three-dimensional gel net-
work. In addition, by normalising the curves in Fig. 2bwith respect to t*,
we obtain a master curve (Fig. 2c) revealing the TTS relationship.

The t* follows a linear temperature dependence in a semi-log plot
as depicted in the inset of Fig. 2c. The importance of t* becomes clearer
when we compare the dynamical information with the underlying
structural evolution in the later sections.

LDL aggregation at high temperatures 75 °C ≤T ≤ 100 °C
It is well known that distinct egg yolk constituents have varying ther-
mal stabilities35,36, and as a result, they undergo thermal denaturation
in different temperature ranges. Here, we aim to explore the heat-
induced aggregation of LDLs that occur at high temperatures
(T ≥ 75 °C). Figure 3a shows the temporal evolution of the scattering
profiles as a function of q at T = 85 °C (I(q) profiles of other tempera-
tures are provided in Supplementary Fig. 14). The increase in I(q) in the
high-q regime, as already observed at low temperatures, occurs at high
temperatures as well (the increase in I(q) is more clear for yolk-plasma
samples as depicted in Supplementary Fig. 18b), but in a much shorter
time window, which is difficult to resolve in our experiments. Inter-
estingly, we observe the emergence of a peak at high q at early waiting
times, and its position (qpeak) shifts to smaller q values with increasing
tw. A careful evaluation of the temporal evolution of I(q) in small angle

Speckle pattern on 2D detector

Livetin (protein)

Yolk granule

a

c

b

LDL

q = 0.0055 nm−1

w
′ = 0

Fig. 1 | Schematic illustrating the XPCS measurement. a Coherent X-rays from
the synchrotron source are scattered by the sample in a capillary, which ismounted
inside a Linkam heating stage. The speckle patterns are collected using a two-
dimensional detector at a distance of 21.2m from the sample. A schematic of
different components of the hen egg yolk is shown at the bottom. Egg yolk is an
assembly of a variety of proteins (livetins), LDLs, and yolk-granules3. The LDLs, yolk-
granules, and livetins constitute ≈66%, ≈22%, and ≈10% of yolk dry matter
respectively2, 3, 86. LDLs are spherical core-shell molecules (average diameter
≈30nm) having a lipid core (triglycerides, cholesterol esters, and free cholesterol)

surrounded by a shell of phospholipids, cholesterol, and apolipoprotein2. The egg
yolk-granules are circular complexes (diameter ≈0.3−2μm31–33) made of LDLs, high-
density lipoproteins (HDLs), and a protein called phosvitin36, 87. Parts of this sche-
matic were created using Biorender. b Time-resolved azimuthally integrated scat-
tering intensities provide information about structural changes in the system. The
absolute waiting time from the beginning of the experiment is denoted by t0w. cThe
sample dynamics is extracted from the autocorrelation of the scattering intensity at
a specific q value.
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X-ray scattering (SAXS) geometry (q-range of ≈0.02–1 nm−1) of pure
egg yolk-plasma (Supplementary Fig. 18), shows the gradual shifting of
the LDL structure factor peak at q ≈0.22 nm−1 to lower q values. This
indeed confirms that we are probing the fusion and aggregation of
LDLs. Thewidth of the aggregate peak and the absenceof higher-order
structure factor oscillations are indicative of a high degree of dis-
persity of the aggregates (Supplementary Fig. 18). However, since the
LDL size is distributed in the range of 17–60nm3, the observed dis-
persity in the aggregates is to be expected. Moreover, the grainy
microstructure of egg yolk and dispersity is indeed apparent in the
scanning electron microscopy (SEM) images (Supplementary Fig. 34)
of heated egg yolk. In addition, a small increase in I(q) at low-q
(<0.01 nm−1) is indicative of the structural deformation of the yolk
granules, which was absent at low temperatures (≤72 °C).

To quantify the kinetics of the LDL aggregation, we also extract
the temporal evolution of the correlation length, ζ = 2π/qpeak (see
Supplementary Note 7). The correlation length extracted from the I(q)

of yolk-plasma coincides exactly with that of the full yolk (Supple-
mentaryFig. 17), confirming that LDL aggregation is not affectedby the
presence of yolk-granules in the surrounding medium. Remarkably,
the overall evolution of correlation lengths from XPCS and aggregate
sizes from SEM as a function of temperature are in good agreement as
depicted in Supplementary Fig. 34d.

A more detailed inspection of individual ζ-curves at different
temperatures reveals two distinct growth regimes, as shown in Fig. 3b.
Initially, an exponential growth (stage-I) is observed, which is typical of
reaction-limited aggregation (RLA) kinetics, in which only a small
fraction of particle collisions lead to the formation of an aggregate46.
The RLA-type aggregation mechanism is reported in the aggregation
kinetics of human-LDLs47 and other colloidal systems48,49. As proposed
in the literature on human-LDL aggregation50, heat-induced dena-
turation leads to the fusion of LDLs, during which the contents of
neighbouring LDLs (two ormore) merge to create an enlarged particle
resulting in an enhanced dispersity. After the fusion, ruptured and

Fig. 2 | Kinetics of protein denaturation and gelation at low-temperature.
a Scattering profiles collected at a temperature of T = 68 °C as a function of iso-
thermal waiting time tw as indicated by the colour bar. The error bars indicate the
standard deviation. The dashed line represents ~q−4. b Normalised scattering
invariant (using Eq. (1)) estimated from the scattering intensities in the q-range
0.02–0.17 nm−1 for T < 75 °C, as a functionof tw. Theq-range used for the calculation
of the scattering invariant is indicated by the vertical arrows in a. The normalisation
is performed with respect to the initial Q value at tw = 0 (Q0). This normalisation
helps to nullify the variations in the scattering intensity of egg yolk samples due to
the inherent heterogeneity of the sample volume. The error in Q is estimated by
considering the error in I(q). The error bars in Q/Q0 represent the standard

deviation estimated via error propagation. The black dashed lines in b represent
power-law fits for low tw and high tw on the 65 °C data. The functional form of the
power-law is ∼ tαw, where α is the power-law exponent. The α values for all tem-
peratures are provided in Supplementary Fig. 13. The intersection point of power-
law fits defines t* for a specific T. c Q/Q0 as a function of tw/t* results in a master
curve. The dashed lines in the low tw and high tw regime indicate ∼ ðtw=t*Þ

0:04
and

∼ ðtw=t*Þ
0:2

respectively. The colour code is the same as in b. The temperature
dependence of t* is depicted in the inset of c. The error bar in t* is estimated using
the error in the fit parameters of power-law fits at low-q and high-q regime. Source
data are provided as a Source Data file.
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fused LDLs begin to form lower-order aggregates50,51. Considering the
structural similarity of human-LDL and yolk-LDL, we anticipate that
during stage-I, yolk-LDLs undergo a similar type of fusion and aggre-
gation following the RLA mechanism. During stage-I, the correlation
length exponentially increases from ≈50nm, and the growth slows
down when the ζ approaches ≈200nm, thus showing an overall sig-
moidal behaviour in a log-log plot.

To capture these changes, ζ curves are modelled using a sig-
moidal function as explained in the Methods (Eq. (5)). Interestingly,
the characteristic time tLDL1=2 extracted from the sigmoidal fits follows
Arrhenius behaviour as displayed in the inset of Fig. 3c. The estimated
activation energy, Ea = 410 ± 20 kJ/mol (≈4.2 eV), is in good agreement
with that reported for human-LDL aggregation51. Further, a master
curve (Fig. 3c) is obtained upon normalising the data presented in
Fig. 3b using tLDL1=2 , implying an identical aggregationmechanismwith a
temperature-dependent reaction rate. However, there is a small
deviation of ζ values for T = 100 °C from the overall sigmoidal beha-
viour in stage-I and a slight deviation from the Arrhenius behaviour.
We anticipate that there could be some additional effects due to the
fast evaporation of water in egg yolk at the boiling point of
water 100 °C.

The exponential growth stage is followed by a power-law growth
(stage-II) ζ ∼ tμw with an exponent μ =0.27 ± 0.04. This exponent is in
good agreement with values observed in colloidal aggregations52, and
liquid-liquid phase separation53, where the particles/clusters diffuse
and coalesce upon collisions. Note that stage-II is absent in the
aggregation kinetics of human-LDLs in dilute solutions51, hence the
high concentration of yolk-LDLs could be the reason behind the pre-
sence of stage-II in egg yolk. In addition, we find the emergence of a
second broad peak at q = 1.8 nm−1 in I(q) collected in SAXS geometry
(Supplementary Fig. 19) indicating the formation of intra-aggregate
structures. We speculate that the self-assembly of LDL constituents
results in such structural organisations inside the aggregates. The
observed peakposition is comparable to that reported in the literature
for micellar structures54, indicating the possibility of the formation of
tiny micellar structures within the large aggregates utilising the
phospholipids of ruptured LDLs, but future investigations are required
to confirm this hypothesis.

A meaningful physical representation of the non-equilibrium
process necessitates a simultaneous understanding of kinetics and
dynamics. In the following sections, we focus on the microscopic
dynamics of egg yolk and its fractions.
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Fig. 3 | Kinetics ofLDLaggregation athigh temperatures. a I(q) profiles collected
at a sample temperature of T = 85 °C as a function of isothermal waiting time, tw as
indicated by the colour bar. The error bars indicate the standard deviation. The
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scattering profiles as a function of tw for sample temperatures T ≥ 75 °C. The error
bars are obtained from the error in qpeak estimation (see Supplementary Note 7).
The kinetics of LDL aggregation shows two growth regimes: stage-I - exponential
growth phase, and stage-II - power-law growth phase. The solid lines are sigmoidal
fits of log10(ζ) vs log10(tw) using Eq. (5). The light-coloured shaded area around the

solid sigmoidalfit lines represents the 95%confidenceband. The greendashed lines
in stage-II are power-law fits (ζ ∼ tμw). c The correlation length as a function of
normalised twwith respect to tLDL1=2 . For convenience, double x and y scales are given
in b, c. The temperature dependence of tLDL1=2 is shown in an Arrhenius plot in the
inset of c. The error bar in tLDL1=2 indicate the parameter uncertainty obtained from
the fits using least-squares minimisation. The green line represents an Arrhenius fit
with an activation energy of 410 ± 20kJ/mol (≈98 kcal/mol or ≈4.2 eV). The hor-
izontal dashed line in b, c indicates the boundary between stage-I and stage-II.
Source data are provided as a Source Data file.
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Monitoring the time-resolved dynamics
We extract the time-resolved sample dynamics via two-time correla-
tion functions (TTCs)22–26,39,53,55–59,

Cðq, t1, t2Þ=
Ip q, t1
� �

Ip q, t2
� �D E

Ip q, t1
� �D E

Ip q, t2
� �D E , ð2Þ

where Ip is the intensity at pixel p, 〈...〉 denotes the average over pixels
in a q-range of q ± δq (q = 5.5 ± 0.25μm−1 is used in this study), and t1
and t2 are different experimental times. A typical TTC is shown in
Fig. 4a. The absolute waiting time, t0w, increases along t2 and t0w =0
indicates the onset of heating. The relative time t = ∣t1 − t2∣ increases
away from the diagonal in the horizontal direction. The time-resolved
intensity autocorrelation function, g2ðq, t, t0wÞ at different t0w are
obtained from the TTCs via horizontal cuts (Cðq, t + t0w,t0wÞ)53,55,60,61
along t1 as shown in Fig. 4a(iv). The g2ðq, t, t0wÞ are modelled using the
relation22,

g2ðq, t, t0wÞ= 1 +β j f ðq, tÞj2 = 1 +β j exp½ � ðt=τÞγ� j2, ð3Þ

where f(q, t), τ, β, and γ are the intermediate scattering function,
relaxation time, speckle contrast, and Kohlrausch-Williams-Watts
exponent62, respectively. Here, γ determines the shape of the correla-
tion function and provides information about the nature of the
dynamics: a simple exponential decay (γ = 1) indicates simple diffusive
dynamics, compressed (γ > 1) and stretched (γ < 1) exponential decays
characterise non-equilibrium and heterogeneous dynamics56.

Before examining the non-equilibrium processes in the thermally
driven yolk, it is important to understand the equilibrium dynamics of
egg yolk. Themicroscopic dynamicsof yolkmeasured at 22 °Cexhibits
hyper-diffusive dynamics (τ~1/q) with a compressed exponential decay
(1 < γ < 2) as shown in Supplementary Fig. 20. Suchanomalousdiffusive
dynamics have been predicted63 and reported in crowded biological
environments64–67. Therefore, we anticipate that the macro-molecular
crowding in egg yolk is responsible for the observed non-diffusive
dynamics at room temperature. In addition, the dynamics of yolk

measured at different sample positions and from different yolk sam-
ples displays a range of relaxation times (Supplementary Fig. 20)
caused by the heterogeneous nature of yolk.

Time and temperature-dependent microscopic dynamics
Recent studies have shown that protein samples are sensitive to radia-
tion damage61, both in terms of structural changes and the possibility of
beam-induced accelerationof thedynamics68–70. Therefore,we carefully
investigated the effect of dose and dose rate on both structure and
dynamics (see Supplementary Fig. 7-8) and identified fluence and dose
regimes without detectable changes to structure and dynamics.

To capture the evolution of microscopic dynamics in egg yolk
during in-situ heating, we collected several successive XPCS scans
starting from the onset of heating. Figure 4a displays the temporal
evolutionof the TTCs atT = 72 °C. TheTTCs for other temperatures are
provided in Supplementary Fig. 21–24). When the sample is heated
from T = 22 °C (at t0w =0) to 72 °C, a very fast dynamics is observed in
the early stages as illustrated by the thin yellow diagonal region in the
TTC (Fig. 4a(i)). Following this, a slow-down in the dynamics is
observed after t0w≈ 30 s as depicted in Fig. 4a(ii). The final temperature
is reached in ≈ 30 s, and the system starts to equilibrate at 72 °C, as
indicated by the dynamical transition from Fig. 4a(i) to Fig. 4a(ii). With
further waiting, the sample shows a slow ageing behaviour in the time
window of ≈ 30–80 s. After t0w≈ 80 s, we observe a pronounced tran-
sition from fast to slowdynamics, as indicated by the divergenceof the
yellow region along the diagonal of the TTC depicted in Fig. 4a(iv). In
addition to the TTCs shown in Fig. 4a, the extraction of relaxation
times as a function of t0w provides a more quantitative picture. This is
accomplished by extracting ∣f(q, t)∣2 from the TTCs at various t0w as
shown in Fig. 4b (∣f(q, t)∣2 for other temperatures are provided in
Supplementary Fig. 25, 26). Notably, a dynamic slow-down over four
orders of magnitude (few seconds to few hours) was observable in our
measurements.

Discussion
The temporal evolution of the structural features (Q and ζ) suggests
that the series of non-equilibrium events in heated egg yolk follow

(s
)

a b

(i)

(ii)

(iii)

(iv)

Fig. 4 | Time-resolved microscopic dynamics under heat induction. a TTCs
collected at T = 72 °C (at q ≈0.0055 nm−1) in the time interval of (i) 3–18 s, (ii)
26–41 s, (iii) 48–63 s, (iv) 70–160 s from the onset of heating. The gap between
consecutive TTCs corresponds to the time used to move the sample to expose a
fresh spot. The intensity autocorrelations are extracted from the TTCs via hor-
izontal cuts (pink-coloured region in (iv)). The pink dashed line in (iv) indicates the
diagonal of TTC. The absolute waiting time, t0w, is indicated by a dashed arrow

running along the y axis. The short blue vertical line close to the x axis represents
the time (theating) taken to reach 72 °C from the initial temperature of 22 °C.
b ∣f(q, t)∣2 extracted from the TTCs via horizontal cuts at different t0w as indicated by
the colour bar. The error bars represent the standard error over TTC lines within a
horizontal cut. The solid curves are fits using Eq. (3). The dotted curves represent
the extrapolation of the fits for clarity. Source data are provided as a Source
Data file.
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rather generic spatio-temporal scaling laws. To acquire a deeper
understanding of these processes, we extract the dynamical infor-
mation—the relaxation time, τ—and examine its evolution as a func-
tion of t0w (= tw + theating). Interestingly, the temporal evolution of τ
(Fig. 5a,c) displays multiple dynamical regimes, which depend on
temperature. At low and high temperatures the dynamics display four
and three distinct regimes, respectively. We first focus on the dyna-
mical behaviour at low temperatures (63-72 °C). As depicted in Fig. 5a,
when heated from room temperature, a steady decrease in τ
(∼ ðt0wÞð�0:4Þ) is observed until the set temperature is reached (regime-

A, red dashed circle in Fig. 5a). It has to be noted that the relaxation
times are extracted for q ≈0.0055 nm−1, and the corresponding length
scale (2πq ≈ 1:1μm) is comparable to the size of the yolk-granules.
Hence, we assume that the intensity fluctuations at this q carry the
information about themotion of the yolk-granules, and the initial fast
dynamics are attributed to the movement of the granules caused by
an increase in their kinetic energy. Another significant aspect of
relaxation times in regime-A is the observed spread in τ between
different temperatures, which we assign to the inherent hetero-
geneity in the sample.

a b

dc

Fig. 5 | Time and temperature-dependent microscopic dynamics. a Temporal
evolution of the relaxation time of egg yolk samples heated to temperatures in the
range 63–72 °C. Four distinct dynamical regimes are identified. regime-A: accel-
erating motion of egg yolk-granules during heating, regime-B: equilibration of the
system at the final temperature followed by protein denaturation and aggregation,
regime-C: gelationof proteins, regime-D: ageing of the gel. The regime-A is denoted
by the red dashed circle. The regimes B, C, and D are separated by horizontal
dashed lines. The t0w and τB are the absolute waiting time and the equilibrium
relaxation time from regime-B, respectively. The black dashed line indicates
∼ ðt0wÞ�0:4. b Normalised relaxation time with respect to τB, as a function of tw (=
t0w � theating) normalised with respect to t* (sol-gel transition time). Here t0w and
theating are the absolute waiting time and the time taken to reach the final T,
respectively. The two black curves before and after t* indicate a power-law
(∼ ðtw=t*Þ

0:3
) and an exponential fit (∼ expðtw=t*Þ), respectively. An Arrhenius plot

of t* with Arrhenius fit (solid line) is shown in the inset of b. The error bar in t* is
estimated using the error in the fit parameters of power-law fits of normalised
scattering invariant at low-q and high-q regimes as shown in Fig. 2 (see

Supplementary Note 6 for details). c Temporal evolution of the relaxation time of
egg yolk heated to temperatures in the range of 75–100 °C. The regime-A is
denoted by the red dashed circle. The regimes C and D are separated by horizontal
dashed lines. The black dashed lines in regime-A and D indicate ∼ ðt0wÞ�0:4 and
∼ ðt0wÞ0:4 respectively. d Comparison of the relaxation time of egg yolk with egg
yolk-plasma and yolk-granules (yolk-granule concentration is 910 mg/ml) at two
temperatures as indicated in the legend. All τ are extracted for a q value of
0.0055 nm−1 except for the yolk-plasma sample, where the dynamical information
was not accessible at this q value. Hence we extrapolated τ at q =0.03nm−1 to the
value at q =0.0055nm−1 using a τ∝ 1/q relationship. Details are provided in the
Supplementary Note 9. The blue vertical line indicates t0w = 70 s. The black dashed
lines from bottom to top represent ∼ ðt0wÞ�0:4, ∼ ðt0wÞ1:8 and ∼ ðt0wÞ0:4. a, c, d The
coloured short vertical lines close to the x axis represent the time (theating) taken to
reach a temperature T from the initial temperature of 22 °C. The error bars in τ

indicate the parameter uncertainty obtained from the fits using least-squares
minimisation. Source data are provided as a Source Data file.
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Looking at Fig. 5a, after t0w ≈ 30 s, a quick transition from fast to
slow dynamics is detected (regime-A to regime-B). On comparing this
dynamical transition timewith theating, it is clear that theobserved slow-
down implies the start of equilibration of the system at the final tem-
perature. After ≈ 45 s, the system is equilibrated and a gradual slowing-
down is seen right after the equilibration in regime-B. It is interesting to
note that this is the same timewindow in whichwe see the progressive
increase in Q/Q0 (Fig. 2b) until t*. While the structural parameter Q
increases as ∼ t0:04w , the dynamical parameter τ increases as ∼ t0:3w until
t* (Fig. 5b). The strong correlation between structure and dynamics
confirms that the probed τ in regime-B represents the collective
dynamics in the egg yolk during protein aggregation. This is in good
agreement with the notion that XPCS as a coherent scattering tech-
nique reflects the collective diffusion of the yolk-granules which is
mirroring inter alia the viscosity of the denaturing protein environ-
ment. This hypothesis is verified later in this section when the
dynamics of the full egg yolk and pure yolk-granules are compared.
During regime-B, the egg yolk proteins unfold their native structure,
exposing the buried hydrophobic/sulfhydryl groups and form aggre-
gates via covalent and non-covalent bonds44.

After regime-B, we observe a dynamical transition from power-
law behaviour to exponential slow-down (regime-C), in which the
time of transition decreases with increasing T. As expected, protein
denaturation leads to gelation, which is manifested by a rapid
exponential dynamical slow-down68,71–74 indicated by an increase in τ
by several orders of magnitude (regime-C). The sol-gel transition is
characterised by a viscosity increase75, and the viscosity is directly
linked to τ. Thus the significant slow-down in regime-C confirms the
development of yolk gel. This observation is also supported by the
exponential increase in the apparent viscosity of egg yolk measured
using viscometry (see Supplementary Fig. 33). Remarkably, we find
that at low temperatures (T < 75 °C) the onset of the exponential
slow-down of the dynamics is identical to the t* obtained from the
evolution of Q from the structural analysis. The fast structural
changes characterised by Q=Q0 ∼ t0:2w after t* (Fig. 2c) reflect the
build-up of the three-dimensional cross-linked network of protein
aggregates. The TTS relationship of these non-equilibrium pro-
cesses is evidenced by the collapse of τ onto a master curve upon
normalising twwith t* as shown in Fig. 5b. Consequently, t* represents
the transition point of protein denaturation and aggregation char-
acterised by power-law dynamical slow-down (regime-B) to protein
gelation characterised by rapid exponential slow-down (regime-C).

Remarkably, the t* values are in good agreement with sol-gel
transition time extracted from in-situ viscometry measurements (see
Supplementary Fig. 33). The t* values reported here are slightly lower
than the sol-gel transition time estimated in the literature8 using
rheology, but the overall temperature trend is in good agreement. We
speculate that the sol-gel transition time from rheology8 wouldbe even
more close to t* if the Winter-Chambon criterion76 is used for the
estimation of sol-gel time as shown in9. The temperature dependence
of t* follows an Arrhenius relationship8,51,

ln ðt*Þ= Ea

RT
+A, ð4Þ

whereR is the universal gas constant,T is the temperature in Kelvin, and
A is a constant. The Arrhenius plot of t* is shown in the inset of Fig. 5b
and the activation energy extracted from the fit is 450± 20kJ/mol
(≈108 kcal/mol or 4.7 eV). This high activation energy was reported
earlier for the denaturation of bovine serum albumin (BSA)8,77, human-
LDLs51 and other proteins41,75,78,79. The hen egg γ-livetin and yolk-LDL are
structurally similar to BSA and human-LDL, respectively8. From this
comparison, we deduce that the yolk livetins and apolipoproteins from
LDLs are the major contributors to the heat-induced gelation of egg
yolk at T < 75 °C. In the final stage (regime-D) the dynamics is evolving

very slowly, exhibiting an overall shallow power-law behaviour, which is
suggestive of the ageing of a gel80,81. During this stage, the gel network
stabilises by local reorganisation and the release of trapped stresses.

Next, we focus on the evolution of the dynamics at high tem-
peratures 75 °C ≤ T ≤ 100 °C, as depicted in Fig. 5c. Contrary to lower
temperatures, the relaxation dynamics at high temperatures exhibits
three dynamical regimes (A, C, D). At high temperatures, the protein
gelation is initiated as soon as the final T is reached. Consequently,
there is no time for the system to equilibrate, hence regime-B is
bypassed. This also implies that protein unfolding occurs within a
fractionof a second at high temperatures. Another key consequenceof
this is the collapse of all curves onto a master curve in regime-C indi-
cating approximately the same dynamical evolution. Following the gel
formation, the ageing of the gel is observed in regime-Dwith anoverall
power-law behaviour (∼ t0:4w ) which is identical to that found at low
temperatures. Interestingly, the intermittent regions where τ deviates
from the power-law dependence are indicative of stress relaxation82–84.

In order to explicitly determine the contribution of the two egg
yolk fractions: plasma and granules to the microscopic dynamics, we
performed XPCS measurements on these fractions obtained from egg
yolk (see Methods for preparation of yolk fractions). The extracted τ
values of these fractions are compared with egg yolk at identical T, as
shown in Fig. 5d. We first compare the dynamics of pure yolk-granules
and egg yolk atT = 75 °C. The initial τof granules at t0w≈ 4 s is lower than
that of full yolk, which is possibly caused by the higher water content
of the granule solution (concentration of 910 mg/ml) and therefore
lower viscosity.

After reaching the final T, the granules undergo equilibration
similar to regime-B in Fig. 5a. Following this, there is a time interval
until t0w≈ 500 s, during which a power-law dynamical slow-down is
observed. Interestingly, during this time interval, the full egg yolk
sample shows signatures of protein gelation (exponential dynamical
slow-down). This demonstrates the relative stability of the granules
compared to other egg yolk-plasma proteins (livetins and apolipo-
proteins) and confirms our hypothesis that the granules mirror the
evolution of the viscosity of the surrounding environment for
T < 75 °C. It has to be noted that, though the yolk-granules seem to be
relatively stable, the power-law behaviour of τ until t0w≈ 500 s followed
by an exponential slow-down indeed implies the gelation of yolk-
granules at longer t0w compared to that of yolk-plasma proteins. Fur-
ther, on comparing the dynamics of yolk-granules at 75 °C and 95°C, it
is clear that the onset of gelation of yolk-granules occurs quickly at
high temperatures, hence the measured dynamics represent the col-
lective dynamics of egg yolk. The contribution of egg yolk proteins to
the observed egg yolk gelation is further confirmed by comparing τ of
full yolk, yolk-plasma, and yolk-granules at T = 95°C, as depicted in
Fig. 5d. While the egg yolk-plasma follows the same dynamical beha-
viour as that of full egg yolk during the whole experimental time
window, yolk-granules deviate from this behaviour after t0w≈ 70 s.
Following this short time interval, a steep power-law slow-down
(∼ ðt0wÞ1:8) is observed for yolk-granules. This implies a rather complex,
multi-stage gelation process of yolk-granules, which requires further
investigation.

By combining the simultaneous structural and dynamic informa-
tion, we generate a time-temperature phase diagram of the non-
equilibrium events in a thermally driven egg yolk, as depicted in Fig. 6.
The phase diagram consists of three main regions: protein denatura-
tion-aggregation, gelation, and ageing, which are indicated using dif-
ferent colours.While the low-temperature part of the phase diagram is
covered by these three non-equilibrium processes, the high-
temperature regime is more complex with multiple non-equilibrium
events (protein gelation and LDL aggregation) occurring simulta-
neously. The Arrhenius relationship along the sol-gel transition time
(red dashed line) represents the boundary between protein
denaturation-aggregation and gelation. Interestingly, by extrapolating
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this curve to high temperatures, we can estimate the t* for T ≥ 75 °C,
which was not resolvable in our experiments. The onset of gel ageing,
tg is indicated by pink hexagon. Overall, tg follows a linear temperature
dependence in the semi-log plot until T = 75 °C. Interestingly, above
75 °C, tg is temperature-independent, indicating the minimum time
(≈35 s) required for the collective interactions of lower-order protein
aggregates to generate a three-dimensional gel network.

The microstructure of the cooked egg white, which is a soft gel,
differs greatly from the grainy microstructure of the cooked egg yolk.
Earlier studies from our group25 on heat-induced gelation of egg white
proteins describe protein denaturation and aggregation using a
reaction-limited aggregationmodel coupledwith an initial exponential
increase inQ during gelation. In contrast, a weak power-law increase in
Q is observed here. Furthermore, an exponential slow-down is
observed during the gel ageing phase of egg white, in contrast to the
power-law behaviour in egg yolk. The high concentration and diversity
of constituents and pronounced multi-component interactions in egg
yolk could be the reason behind these differences, especially for its
grainy microstructure.

Incorporation of LDL aggregation stages extracted from I(q)
profiles, into the phase diagram reveal the coupling between protein
denaturation and LDL aggregation (Fig. 6). The parallel Arrhenius fits
(red and green lines) on t* and tLDL1=2 respectively point to an underlying
connection between these two processes. We anticipate that the
denaturation of apolipoproteins disrupts the structure of yolk-LDLs
and promotes its aggregation. The approximately same Ea for protein
denaturation and LDL aggregation support this hypothesis. Addition-
ally, the emergence of an LDL aggregation peak at a very long waiting
time of ≈6000 s in the I(q) for T = 72 °C (Supplementary Fig. 10)

confirms the consecutive nature of these events: protein denaturation-
aggregation-gelation and LDL aggregation as a function of t0w.

The time-temperature superposition principle is a concept widely
used in polymers and glass formers to determine temperature-
dependent mechanical properties of linear viscoelastic materials
from known properties at a reference temperature85. Similarly, the
master curves and the Arrhenius relationships obtained here can be
utilised to predict the structure and dynamics of the system at differ-
ent time and temperature combinations which are difficult to access in
an experimental window. This means that the process/mechanism
which leads to the formation of the structure is identical and the speed
of this process depends on temperature.

In summary, we investigated the functional contribution of egg
yolk constituents: proteins, LDLs, and yolk-granules to the formation
of the grainy-gel microstructure of cooked egg yolk, by concurrently
following structural and dynamical changes exploiting XPCS, for wide
time-temperature combinations (0.1 s < tw < 104 s and 63 °C≤ T ≤ 100
°C). We find that the viscosity of the yolk is solely determined by the
degree of gelation of yolk-plasma proteins, whereas the grainy
microstructure of the gel is controlled by the extent of yolk-LDL
aggregation. The protein denaturation-aggregation-gelation and LDL
aggregation follow Arrhenius time-temperature relationships with a
temperature-dependent reaction rate. The coupling between protein
denaturation and LDL aggregation is supported by approximately
similar activation energy (430 ± 40 kJ/mol) for these processes. The
TTS indicates an identicalmechanism underlying protein aggregation-
gelation and LDL aggregation. The breakdown of TTS above 75 °C
indicates a complex association of protein aggregates that results in
the 3-dimensional gel network, which cannot be accelerated with
increasing temperature. Consolidating the evidence, we generate a
time-temperature phase diagram that aids to understand the coupling
between nanoscale processes that take place during the heating of egg
yolk. Our findings are not only relevant in food science and bioma-
terials but also benefit biophysics in relation to understanding the
denaturation and aggregation processes in dense protein-lipid mix-
tures, on length scales ranging from nano- to micrometres in a time
range of milli-seconds to hours.

Methods
In-situ coherent X-ray experiments
The XPCS measurements were performed at the beamline P10 of
PETRA III, DESY, Hamburg, Germany. The data presented in this study
were collected from different beamtimes, therefore the X-ray energy
employed was 8.54 keV (for egg yolk and egg yolk-plasma) or 8.75 keV
(for yolk-granules). The two-dimensional scatteringpattern serieswere
recorded using an EIGER X4M detector (pixel size = 75 × 75μm2)
mounted 21.2m downstream of the sample stage. A fairly large X-ray
beam of size 100 × 100μm2 enabled us to perform low-dose XPCS
measurements below radiation damage limits (see Supplementary
Note 4). In addition, the capillaries were displaced laterally between
two measurements across the beam by 200μm for consecutive mea-
surements to avoid radiation damage due to over-exposure. Further-
more, the best configuration of silicon absorbers and total exposure
time were chosen to reduce beam damage. Specifically, all measure-
ments presented in this manuscript were performed using dose rates
of 0.004, 0.025, and0.046 kGy/s, and the total absorbeddose per scan
is limited to 1 kGy (estimation of dose and dose rates are described in
Supplementary Note 4). For in-situ heating measurements, the capil-
laries weremounted on a sample holder equippedwith a temperature-
controlled heating stage (Linkam Scientific Instruments Ltd., UK).
Temperatures in the range 63 °C to 100 °C were selected for the
measurement. More information on XPCS measurements and data
analysis is provided in Supplementary Note 4.

Apart from XPCS measurements in USAXS geometry, we also
performed SAXS measurements at the P10 beamline, PETRA III,

Gel ageing
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Fig. 6 | Two-dimensional time-temperature phase diagram. A master phase
diagram showing different non-equilibrium processes that occur when egg yolk is
cooked to temperatures in the range ≈63–100 °C. The phase diagram consists of
three main regions, yellow: protein denaturation and aggregation, blue: protein
gelation, and pink: gel ageing. red circle: t*. The red line represents Arrhenius fit on
t*, which is extrapolated to higher temperatures. pink hexagon: Onset of egg yolk
gel ageing (tg), orange pentagon: onset of LDL aggregation, green triangle: tLDL1=2 ,
grey diamond: onset of LDL aggregate coarsening (stage-II). The dotted lines are
the lines connecting the data points. The green line represents Arrhenius fit on tLDL1=2 .
The information on LDL aggregation is derived from the structural analysis. The
error bars in tg, onset of LDL aggregation, and the onset of LDL aggregate coar-
sening indicate the error in determining the phase boundary from the available
data points. Source data are provided as a Source Data file.
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Hamburg and beamline BL2 of the DELTA synchrotron radiation
source. The details are provided in Supplementary Note 4.

Sample preparation
The hen egg was purchased from a local supermarket. The egg yolk
was separated from the egg white and was washed slowly in deionised
water and rolled on a filter paper to remove the excess albumin. The
vitelline membrane, which separates egg yolk from egg white was
puncturedusing apipette tip and the yolk contentswere extracted and
filled in a falcon tube. The fresh hen egg yolk sample filled in a quartz
capillary (diameter ≈1.5mm), sealed with parafilm, was used for mea-
surements. Different capillaries were used for each heating measure-
ment. In order to separate the egg yolk fractions (plasma and
granules), the egg yolk was centrifuged at 5270 × g at a constant
temperature of 20 °C for ≈36 hours. The top supernatant solution
containing LDLs and the bottomgranuleswere separated for reference
XPCS measurements. The sample was stored at T = 5 °C during the
course of the experiments. Further details can be found in Supple-
mentary Note 2.

Modelling LDL aggregation
The stage-I of LDL aggregation kinetics is modelled using

log10ðζ Þ=A2 +
ðA1� A2Þ

1 + exp log10 tw
� �� log10 tLDL1=2

� �� �
=k

h i , ð5Þ

where A1 (=1.7) and A2 (=2.3) are the lower and upper plateau values
respectively. The log10ðtLDL1=2 Þ is the midpoint of the fit and k is a con-
stant related to the slope of the curve at log10ðtLDL1=2 Þ through the rela-
tion, slope = (A2 −A1)/(4k).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The processed data (scattering intensity profiles, intermediate scat-
tering functions, and scattering invariant) of egg yolk samples for all
temperatures havebeen deposited in Zenodo (https://doi.org/10.5281/
zenodo.8202895). Any other data used in this study are available from
the authors upon request. Source data are provided with this paper.

Code availability
CustomPython scripts developed for the study are available at Zenodo
(https://doi.org/10.5281/zenodo.8202895).

References
1. Réhault-Godbert, S., Guyot, N. & Nys, Y. The golden egg: nutritional

value, bioactivities, and emerging benefits for human health.
Nutrients 11, 684 (2019).

2. Huopalahti, R., Anton, M., López-Fandiño, R. & Schade, R. Bioactive
Egg Compounds, Vol. 5 (Springer, Berlin, 2007).

3. Anton, M. Egg yolk: structures, functionalities and processes. J. Sci.
Food Agric. 93, 2871–2880 (2013).

4. Zhao, Y. et al. Gelation behavior of egg yolk under physical and
chemical induction: a review. Food Chem. 355, 129569 (2021).

5. Banerjee, S. & Bhattacharya, S. Food gels: gelling process and new
applications. Crit. Rev. Food Sci. Nutr. 52, 334–346 (2012).

6. Mezzenga, R., Schurtenberger, P., Burbidge, A. & Michel, M.
Understanding foods as soft materials. Nat. Mater. 4,
729–740 (2005).

7. Assenza, S. &Mezzenga, R. Soft condensedmatter physics of foods
and macronutrients. Nat. Rev. Phys. 1, 551–566 (2019).

8. Vega, C. & Mercadé-Prieto, R. Culinary biophysics: on the nature of
the 6X∘ C egg. Food Biophys. 6, 152–159 (2011).

9. Cordobés, F., Partal, P. & Guerrero, A. Rheology andmicrostructure
of heat-induced egg yolk gels. Rheol. Acta 43, 184–195 (2004).

10. Aguilar, J., Cordobés, F., Bengoechea, C. & Guerrero, A. Heat-
induced gelation of egg yolk as a function of pH. does the type of
acid make any difference? Food Hydrocoll. 87, 142–148 (2019).

11. Li, J. et al. Hen egg yolk in food industry-a review of emerging
functional modifications and applications. Trends Food Sci. Tech-
nol. 115, 12–21 (2021).

12. Rodil, A. et al. Gels prepared from egg yolk and its fractions for
tissue engineering. Biotechnol. Prog. 32, 1577–1583 (2016).

13. Mine, Y. Egg bioscience and biotechnology (John Wiley &
Sons, 2008).

14. Gu, L. et al. Novel extraction technologies and potential applica-
tions of egg yolk proteins. Food Science and Biotechnology 32,
121–133 (2023).

15. Koo, E. H., Lansbury Jr, P. T. & Kelly, J. W. Amyloid diseases:
abnormal protein aggregation in neurodegeneration. Proc. Natl.
Acad. Sci. 96, 9989–9990 (1999).

16. Gunton, J. D., Shiryayev, A. & Pagan, D. L. Protein condensation:
kinetic pathways to crystallization and disease (Cambridge Uni-
versity Press, Cambridge, 2007).

17. Brown, M. S. & Goldstein, J. L. Lipoprotein metabolism in the mac-
rophage: implications for cholesterol deposition in atherosclerosis.
Annu. Rev. Biochem. 52, 223–261 (1983).

18. Ross, C. A. & Poirier, M. A. Protein aggregation and neurodegen-
erative disease. Nat. Med. 10, S10–S17 (2004).

19. Akbarian, M. & Chen, S.-H. Instability challenges and stabilization
strategies of pharmaceutical proteins. Pharmaceutics 14,
2533 (2022).

20. Mankar, S., Anoop, A., Sen, S. & Maji, S. K. Nanomaterials: amyloids
reflect their brighter side. Nano Rev. 2, 6032 (2011).

21. Mirzaei,M.,Okoro,O. V., Nie, L., Petri, D. F. S. &Shavandi, A. Protein-
based 3D biofabrication of biomaterials. Bioengineering 8,
48 (2021).

22. Perakis, F. & Gutt, C. Towards molecular movies with X-ray photon
correlation spectroscopy. Phys. Chem. Chem. Phys. 22,
19443–19453 (2020).

23. Zhang, Q., Dufresne, E. M. & Sandy, A. R. Dynamics in hard con-
densed matter probed by X-ray photon correlation spectroscopy:
present and beyond. Curr. Opin. Solid State Mater. Sci. 22,
202–212 (2018).

24. Lehmkühler, F., Roseker, W. & Grübel, G. From femtoseconds to
hours–measuring dynamics over 18 orders of magnitude with
coherent X-rays. Appl. Sci. 11, 6179 (2021).

25. Begam, N. et al. Kinetics of network formation and heterogeneous
dynamics of an egg white gel revealed by coherent X-ray scatter-
ing. Phys. Rev. Lett. 126, 098001 (2021).

26. Möller, J., Sprung, M., Madsen, A. & Gutt, C. X-ray photon correla-
tion spectroscopy of protein dynamics at nearly diffraction-limited
storage rings. IUCrJ 6, 794–803 (2019).

27. Hui, Y. H.Handbookof FoodScience, Technology, and Engineering.
Vol. 149 (CRC Press, Boca Raton, 2006).

28. Sankaran, J. et al. Simultaneous spatiotemporal super-resolution
and multi-parametric fluorescence microscopy. Nat. Commun. 12,
1748 (2021).

29. Lindorff-Larsen, K., Best, R. B., DePristo, M. A., Dobson, C. M. &
Vendruscolo, M. Simultaneous determination of protein structure
and dynamics. Nature 433, 128–132 (2005).

30. Porod, G. Die Röntgenkleinwinkelstreuung von dichtgepackten
kolloiden Systemen. Kolloid-Zeitschrift 124, 83–114 (1951).

31. Chang, C., Powrie, W. & Fennema, O. Microstructure of egg yolk. J.
Food Sci. 42, 1193–1200 (1977).

32. Bellairs, R. The structure of the yolk of the hen’s egg as studied by
electronmicroscopy: I. the yolk of the unincubated egg. J. Cell Biol.
11, 207–225 (1961).

Article https://doi.org/10.1038/s41467-023-41202-z

Nature Communications |         (2023) 14:5580 10

https://doi.org/10.5281/zenodo.8202895
https://doi.org/10.5281/zenodo.8202895
https://doi.org/10.5281/zenodo.8202895


33. Xu, L. et al. Changes in physico-chemical properties, micro-
structure, protein structures and intermolecular force of egg yolk,
plasma and granule gels during salting. Food Chem. 275,
600–609 (2019).

34. Anitas, E. M. In: Small-angle scattering from mass and surface
fractals (ed. López-Ruiz, R.) Complexity in Biological and Physical
Systems Ch. 10 (IntechOpen, Rijeka, 2017).

35. Le Denmat, M., Anton, M. & Gandemer, G. Protein denaturation and
emulsifying properties of plasma and granules of egg yolk as rela-
ted to heat treatment. J. Food Sci. 64, 194–197 (1999).

36. Anton, M., Denmat, M. L. & Gandemer, G. Thermostability of hen
egg yolk granules: contribution of native structure of granules. J.
Food Sci. 65, 581–584 (2000).

37. Causeret, D., Matringe, E. & Lorient, D. Ionic strength and pH effects
on composition and microstructure of yolk granules. J. Food Sci.
56, 1532–1536 (1991).

38. DaVela, S. et al. Interplay betweenglass formation and liquid–liquid
phase separation revealed by the scattering invariant. J. Phys.
Chem. Lett. 11, 7273–7278 (2020).

39. Moron, M. et al. Gelation dynamics upon pressure-induced liquid-
liquid phase separation in a water-lysozyme solution. The J. Phys.
Chem. B 126, 4160–4167 (2022).

40. Dixon, D. & Cotterill, O. Electrophoretic and chromatographic
changes in egg yolk proteins due to heat. J. Food Sci. 46,
981–983 (1981).

41. Weijers, M., Barneveld, P. A., Cohen Stuart, M. A. & Visschers, R. W.
Heat-induced denaturation and aggregation of ovalbumin at neu-
tral ph described by irreversible first-order kinetics. Protein Sci. 12,
2693–2703 (2003).

42. Wolz, M. & Kulozik, U. Thermal denaturation kinetics of whey pro-
teins at high protein concentrations. Int. Dairy J. 49, 95–101 (2015).

43. Bischof, J. C. & He, X. Thermal stability of proteins. Ann. N. Y. Acad.
Sci. 1066, 12–33 (2006).

44. Kiosseoglou, V. & Paraskevopoulou, A. Molecular interactions in
gels prepared with egg yolk and its fractions. Food Hydrocoll. 19,
527–532 (2005).

45. Kharlamova, A., Nicolai, T. & Chassenieux, C. Gelation of whey
protein fractal aggregates induced by the interplay between added
HCl, CaCl2 and NaCl. Int. Dairy J. 111, 104824 (2020).

46. Ball, R. C.,Weitz, D. A.,Witten, T. A. & Leyvraz, F. Universal kinetics in
reaction-limited aggregation. Phys. Rev. Lett. 58, 274 (1987).

47. De Spirito, M. et al. Low density lipoprotein aged in plasma forms
clusters resembling subendothelial droplets: aggregation via sur-
face sites. Biophys. J. 90, 4239–4247 (2006).

48. Weitz, D. A., Huang, J. S., Lin, M. Y. & Sung, J. Limits of the fractal
dimension for irreversible kinetic aggregation of gold colloids.
Phys. Rev. Lett. 54, 1416–1419 (1985).

49. Metin, C. O., Bonnecaze, R. T., Lake, L. W., Miranda, C. R. & Nguyen,
Q. P. Aggregation kinetics and shear rheology of aqueous silica
suspensions. Appl. Nanosci. 4, 169–178 (2014).

50. Lu, M. & Gursky, O. Aggregation and fusion of low-density lipo-
proteins in vivo and in vitro. Biomol. Concepts 4, 501–518 (2013).

51. Lu, M., Gantz, D. L., Herscovitz, H. & Gursky, O. Kinetic analysis of
thermal stability of human lowdensity lipoproteins: amodel for LDL
fusion in atherogenesis. J. Lipid Res. 53, 2175–2185 (2012).

52. Swan, J. W. et al. Multi-scale kinetics of a field-directed colloidal
phase transition. Proc. Natl. Acad. Sci. 109, 16023–16028 (2012).

53. Girelli, A. et al. Microscopic dynamics of liquid-liquid phase
separation and domain coarsening in a protein solution revealed by
X-ray photon correlation spectroscopy. Phys. Rev. Lett. 126,
138004 (2021).

54. Yang, P.-W., Lin, T.-L., Hu, Y. & Jeng, U.-S. Small-angle x-ray scat-
tering studies on the structure of mixed dppc/dic7pc micelles in
aqueous solutions. Chin. J. Phys. 50, 349–356 (2012).

55. Bikondoa, O. On the use of two-time correlation functions for X-ray
photon correlation spectroscopy data analysis. J. Appl. Crystallogr.
50, 357–368 (2017).

56. Madsen, A., Leheny, R. L., Guo, H., Sprung, M. & Czakkel, O. Beyond
simple exponential correlation functions and equilibrium dynamics
in X-ray photon correlation spectroscopy. New J. Phys. 12,
055001 (2010).

57. Shpyrko, O. G. X-ray photon correlation spectroscopy. J. Synchro-
tron Radiat. 21, 1057–1064 (2014).

58. Timmermann, S. et al. Automated matching of two-time X-ray
photon correlation maps from phase-separating proteins with
cahn–hilliard-type simulations using auto-encoder networks. J.
Appl. Crystallogr. 55, 751–757 (2022).

59. Ragulskaya, A. et al. Reverse-engineering method for XPCS studies
of non-equilibrium dynamics. IUCrJ 9, 439–448 (2022).

60. Lehmkühler, F. et al. Emergence of anomalous dynamics in soft
matter probed at the european XFEL. Proc. Natl. Acad. Sci. 117,
24110–24116 (2020).

61. Reiser, M. et al. Resolving molecular diffusion and aggregation of
antibody proteins with megahertz X-ray free-electron laser pulses.
Nat. Commun. 13, 2041–1723 (2022).

62. Williams, G. & Watts, D. C. Non-symmetrical dielectric relaxation
behaviour arising from a simple empirical decay function. Trans.
Faraday Soc. 66, 80–85 (1970).

63. Klett, K., Cherstvy, A. G., Shin, J., Sokolov, I. M. & Metzler, R. Non-
gaussian, transiently anomalous, and ergodic self-diffusion of
flexible dumbbells in crowded two-dimensional environments:
Coupled translational and rotational motions. Phys. Rev. E 104,
064603 (2021).

64. Regner, B. M. et al. Anomalous diffusion of single particles in
cytoplasm. Biophys. J. 104, 1652–1660 (2013).

65. Platani, M., Goldberg, I., Lamond, A. I. & Swedlow, J. R. Cajal body
dynamics and association with chromatin are ATP-dependent. Nat.
Cell Biol. 4, 502–508 (2002).

66. Metzler, R., Jeon, J.-H. &Cherstvy, A. Non-brownian diffusion in lipid
membranes: experiments and simulations. Biochim. Biophys. Acta
1858, 2451–2467 (2016).

67. Saxton, M. J. A biological interpretation of transient anomalous
subdiffusion. I. qualitative model. Biophys. J. 92, 1178–1191 (2007).

68. Ruta, B. et al. Silica nanoparticles as tracers of the gelation
dynamics of a natural biopolymer physical gel. Soft Matter 10,
4547–4554 (2014).

69. Pintori, G., Baldi, G., Ruta, B. & Monaco, G. Relaxation dynamics
induced inglassesbyabsorption of hardX-ray photons.Phys. Rev. B
99, 224206 (2019).

70. Chushkin, Y. et al. Probing cage relaxation in concentrated protein
solutions by X-ray photon correlation spectroscopy. Phys. Rev. Lett.
129, 238001 (2022).

71. Czakkel, O. & Madsen, A. Evolution of dynamics and structure
during formation of a cross-linked polymer gel. Europhys. Lett. 95,
28001 (2011).

72. Trigg, E. B., Wiegart, L., Fluerasu, A. & Koerner, H. Dynamics of
polymerization and gelation in epoxy nanocomposites via X-ray
photon correlation spectroscopy. Macromolecules 54,
6575–6584 (2021).

73. Bahadur, D. et al. Evolution of structure and dynamics of thermo-
reversible nanoparticle gels–a combinedXPCS and rheology study.
J. Chem. Phys. 151, 104902 (2019).

74. Frenzel, L. et al. Influence of TMAO as co-solvent on the gelation of
silica-PNIPAm core-shell nanogels at intermediate volume frac-
tions. ChemPhysChem 21, 1318–1325 (2020).

75. Le Bon, C., Nicolai, T. & Durand, D. Kinetics of aggregation and
gelation of globular proteins after heat-induced denaturation.
Macromolecules 32, 6120–6127 (1999).

Article https://doi.org/10.1038/s41467-023-41202-z

Nature Communications |         (2023) 14:5580 11



76. Chambon, F. &Winter, H. H. Linear viscoelasticity at the gel point of
a crosslinking pdms with imbalanced stoichiometry. J. Rheol. 31,
683–697 (1987).

77. Cao, X., Tian, Y.,Wang, Z., Liu, Y. &Wang,C. BSAdenaturation in the
absence and the presence of urea studied by the iso-conversional
methodand themaster plotsmethod. J. ThermalAnal. Calorim. 102,
75–81 (2010).

78. Phan-Xuan, T. et al. The role of water in the reversibility of thermal
denaturation of lysozyme in solid and liquid states. Biochem. Bio-
phys. Rep. 28, 101184 (2021).

79. Hoffmann,M. A., vanMiltenburg, J. C., van der Eerden, J. P., vanMil,
P. J. & de Kruif, C. G. Isothermal and scanning calorimetry mea-
surements on β-lactoglobulin. J. Phys. Chem. B 101,
6988–6994 (1997).

80. Jain, A. et al. Anisotropic and heterogeneous dynamics in an aging
colloidal gel. Soft Matter 16, 2864–2872 (2020).

81. Bellour,M., Knaebel, A., Harden, J., Lequeux, F. &Munch, J.-P. Aging
processes and scale dependence in soft glassy colloidal suspen-
sions. Phys. Rev. E 67, 031405 (2003).

82. Song, J. et al. Microscopic dynamics underlying the stress relaxa-
tion of arrested soft materials. Proc. Natl. Acad. Sci. 119,
e2201566119 (2022).

83. Das, A., Derlet, P.M., Liu, C., Dufresne, E.M. &Maaß, R. Stress breaks
universal aging behavior in a metallic glass. Nat. Commun. 10,
1–9 (2019).

84. Chen, Y., Rogers, S. A., Narayanan, S., Harden, J. L. & Leheny, R. L.
Microscopic dynamics of stress relaxation in a nanocolloidal soft
glass. Phys. Rev. Mater. 4, 035602 (2020).

85. Urzhumtsev, Y. S. Time-temperature superposition. Review. Poly-
mer Mechanics 11, 57–72 (1975).

86. Stadelman, W. J. & Cotterill, O.J. Egg Science and Technology (4th
ed.) (CRC Press, Boca Raton, 1995).

87. Strixner, T., Sterr, J., Kulozik, U. & Gebhardt, R. Structural study on
hen-egg yolk high density lipoprotein (hdl) granules. Food Bio-
physics 9, 314–321 (2014).

Acknowledgements
We acknowledge DESY (Hamburg, Germany), a member of the Helm-
holtz Association HGF, for the provision of experimental facilities. Parts
of this research were carried out at the beamline P10. Beamtime was
allocated for proposals II-20210008 and II-20211600. The authors also
thank the support of DFG (NFDI 40/1), BMBF (05K19PS1, 05K20PSa,
05K22PS1, 05K20VTA), and NFDI for this work. N.B. acknowledges the
Alexander von Humboldt Foundation. M.P. thanks the DELTA machine
group for providing synchrotron radiation for sample characterisation.
A.R. acknowledges the Studienstiftung des deutschen Volkes. M.S.A.
acknowledges funding by DAAD. M.M. acknowledges RESOLV, funded
by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy—EXC-2033—Pro-
jektnummer 390677874. We acknowledge Dr. D.C.F. Wieland for pro-
viding access to the Bolin Gemini rotational HR nano-rheometer for
viscometry measurements. Parts of this research were carried out at
DESY NanoLab and we would like to thank Dr. T.F. Keller and A. Jeromin
for their assistance in using scanning electron microscopy.

Author contributions
C.G., F.S., and F.Z. designed the research. N.D.A., A.G., and M.P. pre-
pared the egg yolk samples. N.D.A. andA.G. planned themeasurements
at PETRA III. M.P., N.D.A., and S.T. planned the measurements at DELTA.
N.D.A., A.G., S.T., M.K., M.S.A., S.R., M.D.S., M.D., D.G., A.H., M.M., Ö.Ö.,
H.F.P., A.R., A.T., and M.P. conducted the experiment. F.W. and M.S.
operated the P10 beamline at PETRA III. M.P. operated the beamline BL2
at DELTA. N.D.A. performed the data processing and analysis. N.D.A.,
C.G., F.Z., and A.G. discussed the XPCS data analysis with input from
F.S., S.T., M.K., M.S.A., S.R., M.D.S., M.D., A.H., A.R., N.B., M.P., F.W., and
M.S. The manuscript was written by N.D.A., and C.G. with input from all
authors.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41202-z.

Correspondence and requests for materials should be addressed to
Nimmi Das Anthuparambil or Christian Gutt.

Peer review information Nature Communications thanks the
anonymous, reviewer(s) for their contribution to the peer review of this
work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-41202-z

Nature Communications |         (2023) 14:5580 12

https://doi.org/10.1038/s41467-023-41202-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Exploring non-equilibrium processes and spatio-temporal scaling laws in heated egg yolk using coherent X-rays
	Results
	Protein denaturation at low temperatures 63 °C ≤T &#x0003C; 75 °C
	LDL aggregation at high temperatures 75 °C ≤ T ≤ 100 °C
	Monitoring the time-resolved dynamics
	Time and temperature-dependent microscopic dynamics

	Discussion
	Methods
	In-situ coherent X-ray experiments
	Sample preparation
	Modelling LDL aggregation
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




