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1 Supplementary Note 1: Sample details

Egg yolk is a very complex assembly of proteins, phospholipids, and choles-
terol in water. The egg yolk constituents are described in Supplementary Fig.
1. Yolk consists of approximately 50% water, 33% lipid, and 17% protein[1].
Around 119 types of proteins are discovered in egg yolk[1]. This complex nat-
ural assembly is stabilised via interactions between its constituents. Egg yolk
can be separated into two fractions (plasma and granules) by moderate cen-
trifugation [2]. The egg yolk-plasma is a translucent liquid (Supplementary
Fig. 2c) which represents ≈ 80% of yolk dry matter. The major constituent of
egg yolk-plasma is low-density lipoproteins (LDLs) (85% of yolk-plasma) which
is a spherical core-shell nanoparticle with an average diameter of ≈ 30 nm,
their size is varied between 17 to 60 nm. The core is made of triglycerides and
cholesterol esters in a liquid state, and the shell is made of a mono film of phos-
pholipids onto which apolipoproteins are attached as shown in Supplementary
Fig. 1. The LDLs are water-soluble entities and the density of LDL is 0.982
g/cm3. The hydrophobic interactions between the phospholipid tail and core
lipids and hydrophilic interactions between the phospholipid head and water
molecules stabilise this complex nano-assembly. LDLs contain 11-17% proteins
and 83-89% of lipids (neutral lipids and phospholipids) [2].

2 Supplementary Note 2: Sample preparation

The hen egg was purchased from a local supermarket. The egg yolk was sep-
arated from egg white using a strainer as shown in Supplementary Fig. 2a. It
was washed slowly in deionised water and rolled on a filter paper to remove
the excess albumin [4]. The vitelline membrane, that separates egg yolk from
egg white was punctured using a pipette tip and the yolk contents were filled
in a falcon tube as shown in Supplementary Fig. 2b. In order to separate
plasma and granule fractions, the fresh egg yolk was centrifuged with a speed
of 5270 g for ≈ 36 hours at temperature 20 ◦C. The floating fraction is plasma
which has a translucent yellow colour (Supplementary Fig. 2c). The extracted
egg yolk-plasma was directly used for X-ray photon correlation spectroscopy
(XPCS) measurements. The settled fraction is egg yolk-granule which has a
light yellow colour compared to plasma. The egg yolk-granules were diluted
with deionised water to a concentration of 910 mg/ml for the XPCS mea-
surements. All samples were filled in a quartz capillary (diameter ≈ 1.5 mm),
sealed with parafilm, which was used for measurements as depicted in Sup-
plementary Fig. 2d. All samples were stored at T = 5 ◦C during the course of
experiments (≈ 3 to 4 days).
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Supplementary Fig. 1 Constituents of hen egg yolk. The egg yolk can be separated into
two major factions: egg yolk-plasma and egg yolk-granules via moderate centrifugation as
described in the text. These factions are made of LDL, HDL, livetins, phosvitins, etc. (LDL:
low-density lipoprotein, HDL: high-density lipoprotein). Parts of this schematic were created
using Biorender [3].

strainer

Egg yolk Yolk plasma
Egg yolk capillary 
placed inside Linkam
heating stage

(a) (b) (c) (d)

Supplementary Fig. 2 (a) The egg yolk is separated from the white using a strainer. (b)
Egg yolk filled in a falcon tube. (c) Egg yolk-plasma separated from egg yolk. (d) The egg
yolk sample was filled in a capillary, sealed with parafilm, and mounted in a Linkam heating
stage for XPCS measurements at the P10 beamline.

3 Supplementary Note 3: Temperature
calibration of Linkam heating stage

Since our measurements are very sensitive to absolute temperature values, we
performed a temperature calibration of the Linkam heating stage. For this,
a thermocouple was immersed inside a quartz capillary filled with egg yolk,
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and placed inside the Linkam heating stage. The representative heating profile
for a set temperature of 60 ◦C is shown in Supplementary Fig. 3a. The time
needed to attain the final temperature from 22 ◦C, theating, is estimated from
the heating profiles obtained with the thermocouple (Supplementary Fig. 3b)
and these values are used in the paper.
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Supplementary Fig. 3 (a) The representative heating profile of Linkam heating stage
for a set temperature of 60 ◦C. The orange and green vertical lines represent the theating
measured by the temperature sensor inside the Linkam heating stage and the thermocouple
inside the quartz capillary, respectively. (b) The calibrated theating compared to theating
measured by the Linkam heating stage.
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4 Supplementary Note 4: Details of XPCS and
SAXS measurements

The XPCS measurements were performed in ultra-small angle scattering
(USAXS) geometry at the P10 beamline of PETRA III, Hamburg. The results
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 sample-to-detector distance was ≈ 21.2 m
and an EIGER X4M detector with an active area of 162.5 mm x 155.2 mm
(WxH) was used for recording XPCS data series. The available scattering wave
vectors (q = 4π

λ sin(θ), λ: wavelength of X-ray, 2θ: scattering angle) range for
this set-up was ≈ 0.005 nm−1 to ≈ 0.2 nm−1. The data were collected in 5-9
scans in which the total absorbed dose per scan is limited to 1 kGy. Each scan
was performed on a fresh spot (separated by a distance of 200µm). A typi-
cal scattering pattern collected using EIGER X4M is shown in Supplementary
Fig. 4. The non-pixel areas (the red stripes in Supplementary Fig. 4) and the
beam stop areas are masked in the data analysis. The data extraction and
analysis were performed using a Python-based analysis package - Xana [5], and
a MATLAB-based XPCSGUI provided by the P10 beamline. The structural
information is obtained by extracting I(q) profiles as a function of waiting
time. Further, the dynamical information was accessed by calculating two-time
correlation functions (TTCs).

Apart from XPCS measurements in USAXS geometry, we also performed
small-angle X-ray scattering measurements (SAXS) measurements at the P10
beamline, PETRA III, Hamburg and beamline BL2 of the DELTA synchrotron
radiation source. The q-range of SAXS experiments at P10 beamline (PETRA
III) is 0.016-1.18 nm−1, and that for BL2 beamline (DELTA synchrotron radi-
ation source) experiments is 0.26- 3.3 nm−1. The sample to detector distance
of 5m, incident energy of 8.54 keV, beam size of ≈ 7x16 µm2 and an EIGER
X4M detector with an active area of 162.5 mm x 155.2 mm (WxH) was used
for recording SAXS data series at the P10 beamline.

For SAXS measurements at the BL2 beamline of the DELTA synchrotron
radiation source, we used incident energy of 12 keV and beam size of
0.6x0.6mm2. The scattering data were collected by a MAR345 image plate
detector with a constant exposure of 60 s. For temperature measurements, the
samples were filled into borosilicate capillaries. In-situ heating measurements
were performed by exploiting a dedicated temperature cell.
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(a) (b)
Single image Averaged over 100 images

Supplementary Fig. 4 A representative scattering pattern (log (I(q))) from egg yolk
samples collected using EIGER X4M detector. (a) A single image with an exposure time of
0.01 s, (b) averaged over 100 images. The x and y-axes represent the pixel number of the
detector and the scale bar shows the logarithm of the scattering intensity of the pixels. The
red stripes are non-pixel areas.

4.1 Background subtraction of scattering profiles

We utilised scattering data from deionized water (DI water) for background
subtraction. As depicted in Supplementary Fig. 5, the buffer background is
approximately two orders of magnitude less than the yolk data.

Supplementary Fig. 5 Comparison of raw and DI water subtracted I(q) of the egg yolk.
The background is approximately two orders of magnitude less than the yolk data.
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4.2 Extraction of dynamical parameters

To follow a non-equilibrium process, it is necessary to get access to
time-resolved dynamical parameters. The time-resolved sample dynamics is
extracted by calculating the two-time correlation functions [6–17] using the
relation,

C(q, t1, t2) =
⟨Ip(q, t1)⟩⟨Ip(q, t2)⟩
⟨Ip(q, t1)Ip(q, t2)⟩

, (1)

where Ip is the intensity at pixel p, ⟨...⟩ denote the average over pixels in
the q-range of q ± δq (= 5.5 ± 0.25 µm−1 is used in this study), t1 and t2 are
two time labels. The absolute waiting time is estimated as t′w = t2), and the
relative time t = |t1 − t2| increases away from the diagonal in the horizontal
direction.

In Supplementary Fig. 6, a representative TTC is shown which contains
information on the relaxation time, τ of the system under consideration. A
bicubic interpolation is applied to all TTCs presented in the Supplementary
Information to improve the image quality. The width of the bright patch along
the diagonal is directly proportional to τ and its divergence indicates a fast-
to-slow dynamical evolution (Supplementary Fig. 6). In order to extract the
temporal evolution of relaxation time as a function of waiting time, the TTC
is divided into small sections in the horizontal direction as depicted in Supple-
mentary Fig. 6. A horizontal section of TTC, C(q, t+t′w, t

′
w), is nothing but the

intensity autocorrelation which is modelled using the relation [11, 14, 18, 19],

g2(q, t, t
′
w) = 1 + β |f(q, t)|2 = 1 + β | exp[−(t/τ)γ ] |2, (2)

where f(q, t), τ , β and γ are the intermediate scattering function, relaxation
time, speckle contrast, and Kohlrausch-Williams-Watts (KWW) exponent[20],
respectively.
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Supplementary Fig. 6 A representative TTC corresponding to a dynamically evolving
system. The absolute waiting time is t′w = t2. The light blue stripes represent sections of
TTC extracted for estimating the g2(q, t, t′w).

4.3 Beam effects on egg yolk samples

In X-ray scattering experiments, exposing the sample to X-rays over a criti-
cal dose can lead to radiation-induced damage. In XPCS measurements, X-ray
beam-induced damage is characterised by following the changes in the struc-
ture and dynamics [19, 21–23]. Recent studies show that the beam-induced
effects depend on both accumulated dose and dose rate [19, 23]. Hence, in order
to avoid beam-induced artefacts in XPCS measurements, it is essential to find
the critical dose and critical dose rate thresholds for a given sample system
and perform later measurements below these limits. In order to estimate the
critical dose and dose rate of egg yolk, we perform XPCS measurements at
different incident X-ray intensities. The incident intensity of the X-ray beam
is reduced to six different values by introducing silicon absorbers of different
thicknesses in the X-ray path before the sample. The number of photons inci-
dent on the sample per second, Φ used here are listed in Supplementary Table
1. The dose, D absorbed by the sample is estimated using the relation [8],

D =
ΦEAcof

d b2 ρ
, (3)

where E, d, b, and ρ are the energy of the incident X-ray, the thickness of
capillary (1.5 mm), beam size (100 µm) and density of egg yolk (1.028 g/ml
[24]). The attenuation coefficient of egg yolk Acof ≈ 0.74 is estimated as the
fraction of transmitted intensity to incident intensity, which are measured using
a silicon pin diode. The estimated values of the dose rate corresponding to six
different values of Φ are depicted in Supplementary Table 1.
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Incident photons, Φ (x 109 photons/s) Dose rate (kGy/s)
0.06 0.004
0.37 0.025
0.69 0.046
2.34 0.155
27.16 1.8
92.48 6.129

Supplementary Table 1: Details of dose rate used for estimating beam damage.

First, we investigate the beam-induced effects on structural changes. In
Supplementary Fig. 7 the temporal evolution of USAXS profiles collected at
different incident intensities is shown. The scattering profiles are normalised
with respect to the first profile, I0(q), and shown in Supplementary Fig. 7
middle row. Clearly, for a dose rate below 0.155 kGy/s, there is no change
in scattering intensity for ca. 200 s. Beam-induced structural changes are
observed when the dose rate increases to 1.8 kGy/s. The onset of beam-induced
structural changes is indicated by the increase in the scattering intensity
(5th column of 7). The changes are quantified by extracting the area (Area

=
∫ 0.02

0.17
I(q) dq) under the I(q) in the range 0.02 to 0.17 nm−1. The ’Area’

normalised with respect to the initial value is depicted in Supplementary Fig.
8a. Interestingly, the normalised area increases after a deposited dose of ≈ 40
kGy.

Next, we focus on the changes in the dynamical parameters of the sample.
The representative TTCs extracted for XPCS scans with different incident
intensities are shown in Supplementary Fig. 7 bottom row. Clearly, we observe
equilibrium dynamics in TTCs until a dose rate of 0.155 kGy/s for ca. 200 s.
To quantify the changes in dynamics, we extract autocorrelation functions and
model them using Eq. 2. The extracted τ values are depicted in Supplementary
Fig. 8b. For dose rates until ≈ 0.155 kGy/s, the dynamics measured in egg
yolk samples are not hampered by any beam effects for a total dose of 8 kGy.
Hence we perform all XPCS measurements within these limits. Specifically, all
measurements presented in this study are performed using dose rates of 0.004,
0.025, and 0.046 kGy/s, and the absorbed dose per scan is limited to 1 kGy.
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(a)

(b) 𝑞 = 0.0055 nm−1

Area = 0.02׬
0.17

𝐼 𝑞 d𝑞

Supplementary Fig. 8 (a) The normalised ’Area’ (=
∫ 0.02
0.17 I(q) dq) with respect to

initial ’Area’ (Area0) as a function of accumulated dose. The error in ’Area’ is estimated by
considering the standard error in I(q). For each dose rate, τ is estimated from 3-4 XPCS
scans performed on fresh spots and their average is depicted in (b) and error bars indicate
the standard deviation. The vertical dashed red line represents D = 1 kGy.
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5 Supplementary Note 5: Structure of egg yolk,
egg yolk-plasma, and egg yolk-granules at
room temperature
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Supplementary Fig. 9 Comparison of scattering profiles of egg yolk, egg yolk-plasma,
and egg yolk-granules. The USAXS profiles and SAXS profiles are stitched together for yolk
and plasma samples. The curves are shifted along the y-axis for clarity.

The scattering intensity profiles contain information about the scatters in
the given sample and are proportional to the electronic contrast of constituents
and their volume. In order to decouple the contribution of individual compo-
nents on the total scattering intensity from egg yolk, we perform scattering
measurements on egg yolk factions: plasma and granules. In Supplementary
Fig. 9, a comparison of scattering profiles of egg yolk, yolk-plasma, and
yolk-granules is provided. The main features of SAXS profiles of the yolk are,

1. The Porod power law regime (I(q) ∝ q−4) below q ≈ 0.04 nm−1.
2. The structure factor peak at q ≈ 0.22 nm−1. From the structure factor

peak position, we estimate an inter-particle distance of ≈ 30 nm, which
is approximately equal to the reported size of yolk LDLs. Since ≈ 85%
of yolk-plasma is constituted by yolk-LDLs, we assume that this value is
approximately equal to the diameter of LDLs.

3. The higher order oscillations of structure factor in the high-q regime.
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4. The asymptotic power law behaviour I(q) ∝ q−3 at high-q. This indicates
the surface fractal nature of LDL particles with a fractal dimension of 3 [25].

On comparing the SAXS profiles of full yolk and yolk-plasma, it is very
clear that the structure factor peak and oscillations are the contributions of
core-shell LDL particles. On the other hand comparison of USAXS profiles of
full yolk and yolk-granules confirm that the Porod law (I(q) ∝ q−4) behaviour
at low-q is the contribution of surface scattering of micron-sized yolk-granules.

6 Supplementary Note 6: Temporal evolution
of egg yolk structure during heating

The structural changes that accompany heat-induced non-equilibrium pro-
cesses in egg yolk are accessed by extracting time-resolved, azimuthally
integrated scattering intensity I(q). In the following sections, we show the
changes in I(q) of egg yolk when heated to temperatures in the range of (63 ◦C
to 100 ◦C).

6.1 Structural evolution at low temperatures (63 ◦C
≤ T < 75 ◦C)

The temporal evolution of I(q) of egg yolk heated to temperatures in the
range 63 ◦C ≤ T < 75 ◦C are consolidated in Supplementary Fig. 10. While
the scattering intensity at low-q is unaffected during heating, the I(q) at high-
q (above 0.02 nm−1) is increased with absolute waiting time, t′w. In order to
quantify these changes in high-q regime, we calculate the scattering invariant
(Q) [16, 26] using the definition,

Q =

∫ q2

q1

q2 I(q) dq. (4)

The lower and upper limit of integration are q1 = 0.02 nm−1 and q2 =
0.17 nm−1. The extracted values of Q for T < 75 ◦C are shown in Supplemen-
tary Fig. 11. The error in Q is estimated by considering the standard error in
I(q) data points. As shown in Supplementary Fig. 11, Q increases with t′w for
all temperatures. The increase in Q during the heating cycle (from room tem-
perature to set temperature) is not appreciable (t′w ≤ 30 s). The initial spread
in Q between measurements is due to the inherent heterogeneity of the sample
volume (as described in Supplementary Fig. 1). Therefore, we perform a nor-
malisation with respect to the initial Q value (Q0 = Q value at t′w = theating
= time taken to reach set temperature from 22 ◦C), to eliminate the effects
of sample heterogeneity on major heat-induced structural changes. In Supple-
mentary Fig. 12 the evolution of Q/Q0 as a function of isothermal waiting
time, tw (= t′w − theating) is depicted.

Interestingly, the rate of increase in Q is temperature-dependent. In addi-
tion, for any given temperature, the slope of the curve increases with tw.
Clearly, there are two regimes (low and high tw) where the slope of the curves
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is constant. In order to estimate the transition time of these two regimes, we
fit the curves using a power law function (Q/Q0 ∼ tαw). The power law fits
at low and high tw are displayed in Supplementary Fig. 12. The intersection
point of power-law fits gives t∗ for a specific T .

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Supplementary Fig. 10 The I(q) collected at the sample temperature of (a) 63 ◦C, (b)
65 ◦C, (c) 67 ◦C, (d) 67.7 ◦C, (e) 68 ◦C, (f) 68.5 ◦C, (g) 69 ◦C, (h) 70 ◦C, and (i) 72 ◦C as a
function of t′w as indicated by the scale bar. The emergence of the peak in the high-q regime
after a long waiting time in (i) is indicative of the onset of LDL aggregation.
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Supplementary Fig. 11 The scattering invariant calculated using Eq. 4 as a function of
t′w. The short vertical line close to the x-axis indicates theating. The colour of the vertical line
matches the colour of the data points for a given temperature. The error in Q is estimated
by considering the standard error in I(q).

(d) (e) (f)

(a) (b) (c)

(g) (h) (i)

Supplementary Fig. 12 The normalised scattering invariant as a function of tw, for
sample temperature of (a) 63 ◦C, (b) 65 ◦C, (c) 67 ◦C, (d) 67.7 ◦C, (e) 68 ◦C, (f) 68.5 ◦C,
(g) 69 ◦C, (h) 70 ◦C, and (i) 72 ◦C. The normalisation is performed using Q0 = Q(tw = 0).
The black dashed lines indicate power law fits (tαw) and the intersection (t∗) of power law
fits is indicated by the vertical line. The error in Q is estimated by considering the standard
error in I(q).
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Supplementary Fig. 13 The power law exponent α extracted from the fits shown in
Supplementary Fig. 12. The horizontal blue and red dashed lines represent α = 0.04 and α
= 0.2 respectively. The error bars indicate the parameter uncertainty obtained from the fits
using least-squares minimization.
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6.2 Structure evolution at high temperatures (75 ◦C
≤ T ≤ 100 ◦C)

The temporal evolution of I(q) of egg yolk heated to temperatures in the range
75 ◦C ≤ T ≤ 100 ◦C are displayed in Supplementary Fig. 14. The noticeable
feature of scattering profiles is the emergence of a broad peak which is shifting
to high-length scales with time. At high temperatures, the peak has disap-
peared at long t′w. There are two possible reasons for this, (a) the aggregates
have become considerably larger and are no longer accessible in the experimen-
tal q-regime, and (b) the peak is hidden in the high intensity at low-q (Porod
scattering of yolk-granules). The peak position (qpeak) is extracted from the
I(q) (see next section for more details), and characteristic correlation length
ζ is determined using the equation,

ζ =
2π

qpeak
(5)

(a) (b) (c)

(d) (e) (f)

Supplementary Fig. 14 The time-resolved I(q) of egg yolk at a sample temperature of (a)
75 ◦C, (b) 80 ◦C, (c) 85 ◦C, (d) 90 ◦C, (e) 95 ◦C, and (f) 100 ◦C. The colour bars represent
t′w.
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7 Supplementary Note 7: Extraction of
correlation length from scattering intensity

For egg yolk samples, it was difficult to find the peak position from the raw
data. Hence we have subtracted the background of I(q) = Cq−δ to extract the
peak position as depicted in Supplementary Fig. 15. After the subtraction of
I(q) = Cq−δ from the raw data, the LDL-aggregate peak was clearly visible.
An example illustrating these steps for an egg yolk data is shown in Supple-
mentary Fig. 15. After the subtraction, we used the function peak prominences
from ”scipy.signal” Python library to find the peak position as indicated by a
red dot in Supplementary Fig. 15. At room temperature, δ was equal to 4, but
with heating, there was a slight change in the slope (Supplementary Fig. 14),
hence for subtracting the power-law background in the low-q, δ was set free.

Whereas for yolk-plasma samples, where qpeak position was clearly visible
due to the absence of Porod scattering intensity at low-q regime, we simply
extracted the maxima using peak prominences from ”scipy.signal” Python
library as illustrated in Supplementary Fig. 16. The error in qpeak is estimated
from the q resolution at the peak position.

(a) (b)

I(
q

) 
(a

rb
. 
u

n
it
s
)

Supplementary Fig. 15 (a) A typical I(q) data of heated egg yolk sample with power-
law (I(q) = Cq−δ) fit at low-q regime. (b) The scattering intensity after the subtraction of
Cq−δ. The red dot in the plots indicates the qpeak.
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Supplementary Fig. 16 A typical I(q) data of heated egg yolk-plasma sample with the
qpeak position indicated with a red dot.
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The correlation length, ζ estimated for egg yolk and egg yolk-plasma are
shown in Supplementary Fig. 17.

Supplementary Fig. 17 The correlation length (ζ = 2π
qpeak

) estimated from I(q) as a

function of tw for egg yolk (solid) and egg yolk-plasma (open). The temperatures are men-
tioned in the figure legends. The error bars are obtained from the error in qpeak estimation
(see Supplementary Note 7).
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The temporal evolution of SAXS intensity of egg yolk-plasma heated to
T = 85 ◦C is depicted in Supplementary Fig. 18. For better clarity, the profiles
until t′w ≈ 32 s is shown in Supplementary Fig. 18b. Clearly, the position of the
structure factor peak is not changed for the first 32 s and interesting changes are
observed in the low-q regime, where scattering intensity is increased drastically
for a very short period of time, indicating the denaturation of proteins observed
in Supplementary Fig. 10.

q = 0.02 nm−1
q = 0.17 nm−1

Structure factor 
peak

(a) (b)

Supplementary Fig. 18 The temporal evolution of SAXS profiles of egg yolk-plasma
collected at the sample temperature of 85 ◦C for t′w (a) 0 - 3500 s (b) 0 - 32 s. The t′w is
indicated by the scale bar. The vertical lines corresponds to q =0.02 nm−1 and q =0.17 nm−1.
The structure factor peak at q = 0.22 nm−1 give the average distance (= 2π

q
≈ 30 nm)

between close by LDLs. This data is collected at P10 beamline, PETRA III, Hamburg.

7.1 Internal structure of LDL aggregates
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Supplementary Fig. 19 The temporal evolution of SAXS intensity of (a) egg yolk, and
(b) egg yolk-plasma heated to 80 ◦C as a function of waiting time as indicated by the scale
bar. The arrow points to the emergence of a broad peak at q ≈ 1.8 nm−1. This data is
collected at beamline BL2 of the DELTA synchrotron radiation source.
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To investigate the internal structure of LDL aggregates, we perform scatter-
ing measurements at the small-angle and wide-angle X-ray scattering (SAXS
and WAXS) beamline BL2 of the DELTA synchrotron radiation source. Details
of measurement are provided in Supplementary Fig. 4. The emergence of a
broad peak at q ≈ 1.8 nm−1 (Supplementary Fig. 19), is indicative of the forma-
tion of intra-aggregate structures. We speculate that this implies the formation
of micellar structures inside the LDL aggregates. But, future investigations are
required to confirm this hypothesis

8 Supplementary Note 8: Dynamics of egg yolk
and its constituents

8.1 Equilibrium dynamics of egg yolk at room
temperature

(a) (b)

Supplementary Fig. 20 (a) Room temperature relaxation time and (b) KWW exponent
(from the fit using Eq. 2) of egg yolk extracted from the same egg and different eggs. Different
closed symbol colours represent individual XPCS scans on different egg yolk samples. The
dashed lines indicate the power law model τ ∼ q−1. The open symbol in (a) and (b) represent
the average τ and KWW exponent respectively. The error bars in individual τ and γ curves
indicate the parameter uncertainty obtained from the fits using least-squares minimization.
The error bars in average τ and γ indicate the standard deviation.

8.2 Egg yolk: TTCs and |f(q, t)|2 during heating

Following the analysis procedure described in Supplementary Fig. 4.2, TTCs
and g2 functions are extracted as a function of absolute waiting time. The
temporal evolution of TTC for low temperatures (63 ◦C ≤ T < 75 ◦C) and
high temperatures (75 ◦C ≤ T ≤ 100 ◦C) are depicted in Supplementary Fig.
21 and Supplementary Fig. 23 respectively. For clarity, TTCs are zoomed until
t′w = 160 s and shown in Supplementary Fig. 22 and Supplementary Fig. 24.
The |f(q, t)|2 (along with fits using Eq. 2) for low and high T are depicted in
Supplementary Fig. 25 and Supplementary Fig. 26 respectively.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Supplementary Fig. 21 The temporal evolution of TTC for egg yolk heated to (a) 63 ◦C,
(b) 65 ◦C, (c) 67 ◦C, (d) 67.7 ◦C, (e) 68 ◦C, (f) 68.5 ◦C, (g) 69 ◦C, (h) 70 ◦C, and (i) 72 ◦C.
The TTCs are extracted at q ≈ 0.0055 nm−1.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Supplementary Fig. 22 The temporal evolution of TTC for egg yolk heated to temper-
atures in the range 63 ◦C ≤ T < 75 ◦C, until t′w = 160 s. The temperatures are mentioned
in the respective TTCs. The TTCs are extracted at q ≈ 0.0055 nm−1. The vertical line in
each plot corresponds to respective theating.
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(a) (b) (c)

(d) (e) (f)

Supplementary Fig. 23 The temporal evolution of TTC for egg yolk heated to (a) 75 ◦C,
(b) 80 ◦C, (c) 85 ◦C, (d) 90 ◦C, (e) 95 ◦C, and (f) 100 ◦C. The TTCs are extracted at q ≈
0.0055 nm−1.
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(a) (b) (c)

(d) (e) (f)

Supplementary Fig. 24 The temporal evolution of TTC for egg yolk heated to temper-
atures in the range 75 ◦C ≤ T ≤ 100 ◦C, until t′w = 160 s. The temperatures are mentioned
in the respective TTCs. The TTCs are extracted at q ≈ 0.0055 nm−1. The vertical line in
each plot corresponds to respective theating.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Supplementary Fig. 25 |f(q, t)|2 extracted from TTCs shown in Supplementary Fig. 21)
at different waiting times as indicated by the colour bar. The solid curves are fit using Eq.
2. The error bars represent the standard error over TTC lines within a horizontal cut.
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(a) (b) (c)

(d) (e) (f)

Supplementary Fig. 26 |f(q, t)|2 extracted from TTCs shown in Supplementary Fig. 23
at different waiting times as indicated by the colour bar. The solid curves are fit using Eq.
2. The error bars represent the standard error over TTC lines within a horizontal cut.



Springer Nature 2021 LATEX template

Article Title 29

8.3 Egg yolk-plasma and egg yolk-granules: TTCs and
|f(q, t)|2 during heating

To understand the functional contribution of various constituents to heat-
induced non-equilibrium processes in egg yolk, we perform XPCS measure-
ments on egg yolk-plasma and egg yolk-granules which are separated from egg
yolk as described in Supplementary Fig. 2. The temporal evolution of TTC
for yolk-plasma and yolk-granules are depicted in Supplementary Fig. 27 and
Supplementary Fig. 28 respectively. From the TTCs, the |f(q, t)|2 is extracted
by following the analysis procedure explained in Supplementary Fig. 4.2 and
is shown in Supplementary Fig. 29.

(a) (b)

Supplementary Fig. 27 The temporal evolution of TTC for egg yolk-plasma heated to
95 ◦C for (a) full waiting time of the experiment, (b) until t′w = 100 s. The TTCs are
extracted at q ≈ 0.03 nm−1. The vertical line in (b) corresponds to theating.



Springer Nature 2021 LATEX template

30 Article Title

(a) (b)

(c) (d)

Supplementary Fig. 28 The temporal evolution of TTC for egg yolk-granules heated
to (a) 75 ◦C (b) 95 ◦C for full waiting time of the experiment. For clarity, (a) and(b) are
zoomed until t′w = 100 s and given in (c) and (d) respectively. The TTCs are extracted at
q ≈ 0.0055 nm−1. The vertical lines in each plot correspond to respective theating.

Yolk granules Yolk granules Yolk plasma

(a) (b) (c)

Supplementary Fig. 29 |f(q, t)|2 extracted from TTCs (Supplementary Fig. 28) of egg
yolk-granules heated to (a) 75 ◦C and (b) 95 ◦C respectively. (c) |f(q, t)|2 extracted from
TTCs (Supplementary Fig. 27) of egg yolk-plasma heated to 95 ◦C. Waiting time is indicated
by the colour bar. The solid curves are fit using Eq. 2. The error bars represent the standard
error over TTC lines within a horizontal cut.
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9 Supplementary Note 9: Egg yolk-plasma:
estimation of τ at low-q via extrapolation

As depicted in Supplementary Fig. 30, for egg yolk-plasma samples, the dynam-
ical information for a given q was only accessible when the aggregate peak
has moved to that particular q region. For example, dynamical information
is only accessible in the fifth and third TTC for q ≈ 0.0055 nm−1 and q ≈
0.03 nm−1 respectively, when the aggregate peak has shifted to these q val-
ues. This means dynamical information at q ≈ 0.0055 nm−1 is only accessible
after a long waiting time of ≈ 1000 s. To solve this issue we extrapolate the
dynamical information at q ≈ 0.03 nm−1 to q ≈ 0.0055 nm−1 by following the
relationship τ ∝ 1

q as depicted in Supplementary Fig. 31.
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Supplementary Fig. 31 The wave vector dependent dynamics of egg yolk-plasma col-
lected at T = 95 ◦C at a waiting time of t′w ≈ 960 s. The error bars in τ indicate the
parameter uncertainty obtained from the fits using least-squares minimization.
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9.1 The temporal evolution of relaxation time during
heating

The temporal evolution of τ for egg yolk heated to 63 ◦C≤ T ≤ 100 ◦C is shown
in Supplementary Fig. 32a. The effect of heating time on dynamics is elimi-
nated by normalising the waiting time with respect to theating (Supplementary
Fig. 32b).

(a) (b)

𝜏B

T increases

𝜏B

T increases

Supplementary Fig. 32 The extracted relaxation times as a function of (a) t′w and (b)
the normalised waiting time, t′w/theating, where theating is the time taken for reaching the
set temperature from 22 ◦C. The temperatures are mentioned in the legends. The dashed
lines represent power law fits and the power law exponents are mentioned in the figure. The
error bars in τ indicate the parameter uncertainty obtained from the fits using least-squares
minimization.

9.2 Comparison of apparent viscosity from viscometry
and relaxation time from XPCS

The in-situ viscometry measurements were performed using a Bolin Gemini
rotational HR nano-rheometer. The egg yolk sample was heated to a set
temperature T from 20 ◦C and the apparent viscosity η at a shear rate of
10 s−1 was measured in parallel. This shear rate is within the reported ranges
for swallowing shear rates [27] and hence can be directly correlated with the
mouth feel of food. The in-situ measurements were performed in a tempera-
ture range of 64−69 ◦C. In Supplementary Fig. 33 we compare the apparent
viscosity at different temperatures. Interestingly, the temporal evolution of η
displays four regimes similar to our XPCS data. Initially, the viscosity of egg
yolk is almost constant with η ≈ 2Pa s for ≈ 30 s (regime-A). During this
time period, the temperature of the yolk increases from 20 ◦C to set T . After
reaching this set temperature, a linear increase in viscosity can be observed.
This continues until η reaches a value between 20Pa s (for 64 ◦C) to 40Pa s
(for 69 ◦C). After this, the change in the viscosity is still linear with time
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(regime-B) but with a slow rate until a characteristic time, t∗visco, beyond
which the viscosity starts to increase exponentially (regime-C). Clearly, this
sharp increase in η indicates the sol-gel transition [28] and t∗visco is the sol-gel
transition time. Interestingly, we obtain also a master curve upon normalising
tw with t∗visco (Supplementary Fig. 33b), which is very similar to the master
curve obtained for τ (Supplementary Fig. 33c). Moreover, the sol-gel transi-
tion times, t∗ from XPCS and viscometry (t∗visco) are in very good agreement
(Supplementary Fig. 33d).

However, there are a few differences in the τ and η data in the initial
waiting time after regime-A. In the XPCS data, we see a sudden transition of
the system from regime-A to regime-B while there is a progressive change in
the viscosity data. This may arise from the change in the thermal history of
the sample. For the XPCS measurements, the samples are contained in a thin
capillary of diameter ≈ 1.5 mm, whereas for the viscometry measurements,
the samples are spread on a plate and the time needed to reach the same
temperature everywhere in the sample may be slightly higher than the XPCS
case. This might be the reason behind the observed differences between regime-
A and regime-B.

We can not resolve the viscosity changes during the sol-gel transition time
at temperatures above 69 ◦C as this transition is too fast and already occurring
while the whole sample reaches the final temperature set point.

9.3 Comparison of microstructure from SEM with XPCS
results

The properties of food texture are usually characterised by means of the
mechanical and/or geometrical characteristic properties [29]. The grainy
microstructure of food samples can be characterized by the size and shape
of the sample’s constituents [29] for example by using microscopy techniques
[30]. Here, we employ ex-situ scanning electron microscopy to investigate the
effect of temperature on the grainy microstructure of heated egg yolk.

In Supplementary Fig. 34(a-c) we show SEM images collected from egg
yolk heated to temperatures in the range 90-100 ◦C for 300 s. The grainy
microstructure of egg yolk is indeed apparent in the SEM images. The size of
these aggregates increases with increasing temperature (Supplementary Fig.
34d). Importantly, we observe that the overall evolution of sizes (from SEM)
and correlation lengths (from XPCS) of the food microstructure as a function
of temperature are in good agreement as depicted in Supplementary Fig. 34d.

However, it was difficult to perform SEM imaging of yolk samples heated
at lower temperatures for the same waiting time due to aggregate sizes being
smaller than 200 nm. To resolve such small structures, we had to expose
the sample for a long time (compared to imaging bigger aggregates at high
temperatures) to the electron beam (focusing, optimization of contrast etc.
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A

(a)
D

C

B

XPCS

viscometryviscometry

(b)

(c) (d)

Supplementary Fig. 33 (a) Apparent viscosity η of egg yolk heated to temperatures in the
range of 64-69 ◦C as a function of absolute waiting time. Regime-A, B, C and D are indicated
with the background colours of green, yellow, blue and pink respectively (similar to Fig. 5a
of the manuscript). (b) Normalised apparent viscosity with respect to η0 ≈ η(t = t∗visco), as
a function of isothermal waiting time, tw normalised with respect to t∗visco. (c) Master plot
of τ from XPCS. The error bars in τ indicate the parameter uncertainty obtained from the
fits using least-squares minimization. (d) Comparison of sol-gel transition time from XPCS
and viscometry. The error bar in t∗ is estimated using the error in the fit parameters of
power law fits of Q/Q0 at low-q and high-q regime (see Supplementary Note 6). The error
in t∗visco derived from the time resolution in (a).

is necessary to resolve smaller structures). This led to imaging artefacts at
low temperatures preventing us from quantitative analysis. We did not use
any chemical fixation techniques to improve the electronic contrast, as it can
damage the lipid content of egg yolk [31].
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Supplementary Fig. 34 SEM images of egg yolk collected at room temperature after
being heated at (a) 90 ◦C, (b) 95 ◦C, and (c) 100 ◦C for 300 s. Inset shows the histogram of
LDL aggregate diameter. (d) LDL aggregate correlation length ζ from XPCS and aggregate
diameter from SEM as a function of temperature. Error in LDL-aggregate diameter is the
standard error from the Gaussian fits shown in (a-c) insets. The error bars of ζ are obtained
from the error in qpeak estimation (see Supplementary Note 7).
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