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Low-density lipoproteins (LDLs) are central to nutrient transport in egg yolk and have
emerged as natural nanocarriers for drug delivery. Their biological function critically
depends on mobility within densely crowded environments, yet the mechanisms
governing their motion remain elusive, largely because conventional techniques cannot
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Egg yolk is an extremely crowded

access the relevant microsecond timescales. Here, we employ megahertz X-ray photon
correlation spectroscopy at the European X-ray Free Electron Laser facility to resolve
LDL dynamics in native yolk-plasma. This approach reveals transient caging and
memory effects and shows that the combined influence of particle softness and
hydrodynamic coupling slows diffusion by nearly two orders of magnitude compared
to dilute solutions. However, this reduction could not be scaled with an increase
in macroscopic viscosity obtained from rheometry, indicating deviations from the
Stokes—Einstein relation. Despite this slowdown, yolk-plasma remains a “sluggish yet
liquid state”, balancing dense packing and the fluidity required for lipid release during
embryonic development. These results establish a quantitative framework connecting
microstructure, hydrodynamics, and transport in crowded soft-matter systems, with
implications for developmental biology and nanomedicine.
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hydrodynamic interactions | low-density lipoprotein

Low-density lipoproteins (LDLs) are core-shell nanoparticles that are central to fat
transport in humans and animals, as well as to nutrient delivery in egg yolk (1-3).
Egg yolk plasma is a crowded medium with LDL volume fractions exceeding 40%,
making particle mobility and viscoelasticity crucial for yolk stability and embryonic
development. In human health, hindered LDL diffusion or increased blood viscosity
contributes significantly to the formation of atherosclerotic plaques in arterial walls
(4, 5). Furthermore, LDLs have attracted substantial attention as promising drug
carriers, exhibiting notable advantages over synthetic delivery systems in navigating
complex biological media, which is critical for therapeutic efficiency (6-9). Although
LDL diffusion is critical in both physiological and pathological contexts, the factors that

fluid that stores lipids for the
developing embryo, yet the
low-density lipoproteins (LDLs)
that carry these lipids must still
move. Using megahertz X-ray
photon correlation spectroscopy,
we directly track native LDL
motion in yolk-plasma on

0.22 to 69 ps timescales. We find
that LDLs become transiently
caged, develop memory effects,
and diffuse up to 100-fold more
slowly than in dilute solution, yet
yolk-plasma remains a “sluggish
liquid” rather than a solid. We also
provide a quantitative description
that links LDL softness, crowding,
and hydrodynamic coupling to
longtime mobility. This
framework can be used to assess
transport and arrest in other
densely packed protein systems,
from condensates to therapeutic
formulations.

regulate its behavior in crowded environments remain unclear.

Macromolecular diffusion in densely crowded media, including the cytoplasm,
extracellular matrix, and food emulsions, is strongly shaped by intermolecular interactions
(10-15). These interactions reduce mobility, generate transient cages, and alter both
transport properties and biological function (16-19). Crowding typically increases the ef-
fective viscosity through electrostatic, depletion, and hydrodynamic interactions (20-22).
At high concentrations, the dynamics become heterogeneous (23, 24) and deviations
from the Stokes—Einstein relation indicate a partial decoupling of mass and momentum
transport (25, 26). Long- and short-range hydrodynamic interactions (27-31) further
introduce correlated motion that acts across multiple timescales (32), though their many-
body, flow-mediated nature makes them difficult to model (33).

Crowded protein solutions, phase-separated condensates, and yolk-plasma all share
this phenomenology of hindered transport. They are often described in terms of
steric crowding, weak attractions, and particle softness, with colloid-based frameworks
providing partial insights into their diffusional slowdown (29, 30, 34-39). However,
such models remain incomplete for macromolecular assemblies with internal structure,
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deformability, and complex surface chemistry (17, 28, 40—42).
What is still missing is a quantitative framework that connects
the microscopic ingredients of these media—high effective
volume fraction, particle softness, and long-range hydrodynamic
interactions—to the mesoscopic signatures of caging, memory
effects, and collective relaxation on the microsecond timescales
and also to the macroscopic transport coefficients that determine
how fast such systems reorganize.

Existing experimental techniques typically access either only
the very-short time regime, dominated by hydrodynamics, or
much longer times, when structural relaxation is complete. The
crucial intermediate microsecond window—where particles rattle
within local cages and memory effects emerge—has remained
unresolved in biological soft matter and crowded protein fluids.

Here, we directly access this missing regime in native egg
yolk-plasma and determine how particle softness, crowding, and
hydrodynamic interactions jointly regulate LDL transport. Using
megahertz X-ray photon correlation spectroscopy (MHz-XPCS)
at the European X-ray Free Electron Laser facility (EuXFEL) (43),
we probe LDL dynamics in the time scale of 0.22 to 69 ps on
molecular length scales. The resulting intermediate scattering
functions reveal stretched-exponential relaxation consistent with
memory effects arising from both direct interactions and long-
range hydrodynamic coupling. We extract a reduced memory
function A(g) that strengthens with concentration and exhibits
a structured minimum near the principal peak of the static
structure factor (¢ & ¢m), alongside a pronounced minimum
in the collective diffusion coefficient D(g) at the same gm
(de Gennes narrowing). This demonstrates that caging and
memory are not merely single-particle trapping effects but
collective phenomena selected by the cage-scale structure of the
suspension.

We further introduce an effective hydrodynamic function
H*(q), which captures the g-dependence of the collective
relaxation rates and shows that hydrodynamic interactions remain
relevant well beyond the nominal short-time limit, shaping
collective relaxation on microsecond time scales. Finally, we
connect these mesoscopic observables to macroscopic transport,
revealing that LDL self-diffusion in yolk-plasma is suppressed by
nearly two orders of magnitude relative to dilute solution, yet the
system remains a dense, “sluggish liquid” rather than a glass. This
behavior is quantitatively captured by a soft-sphere model (37)
with an effective softness parameter and an increased apparent
arrest volume fraction. Together, these findings establish a com-
prehensive framework linking microstructure, memory effects,
and long-time diffusion in crowded soft matter systems.

Results

To investigate LDL diffusion under crowded conditions, we use
yolk-LDLs in their native suspension form of yolk-plasma, which
was extracted from egg yolk via centrifugation (see Materials
and Methods for details). Fig. 1A (Left side) illustrates the two
distinct fractions obtained after centrifugation: the translucent
yolk-plasma fraction floating atop the opaque yolk-granule
fraction. The yolk-plasma dry matter comprises approximately
~85 wt% yolk-LDL particles and ~15 wt% livetin proteins
(44). The LDL particles exhibit a core-shell structure (Fig. 1A)
with an average radius of X15.5 nm (SI Appendix, Fig. S3A).
The original LDL concentration in yolk-plasma was ~421
mg/ml and was further diluted to two lower concentrations of
378 mg/ml and 336 mg/ml (Materials and Methods). Details of
the samples are provided in Table 1 and ST Appendix, Table S1.
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The characteristic interaction time scale is given by the duration
required for a particle, with diffusion constant D, to traverse a

distance R comparable to its own size, expressed as 7; = R?/ GDS.
For LDL particles in egg yolk-plasma, this time is approximately
7; & 2.5 pis, assuming R = 15.5 nm and Dg = 15.8 nm?/ps.

To probe LDL dynamics on this biologically relevant time
scale, MHz-XPCS experiments were performed at the Materials
Imaging and Dynamics (MID) instrument at the European
XFEL, using MHz pulse patterns to probe LDL suspensions.
The unique MHz pulse structure of EuXFEL enabled access
to a temporal window 0.22 to 69 ps, which encompasses the
estimated interaction time scale of 2.5 ps. In addition to XPCS
measurements, small-angle X-ray scattering (SAXS) measure-
ments were performed at the ID02 beamline at the European
Synchrotron Radiation Facility (ESRF), France. Further details
on the MHz-XPCS experiment are provided in Materials and
Methods and SI Appendix. The XPCS measurements provided in-
sights into both structural and dynamical characteristics (45—49)
of LDL suspensions, which we present starting with the structural
analysis, followed by dynamic properties.

Structural Information. The normalized scattering intensity,
I(q), for four concentrations of egg yolk-plasma is shown in
Fig. 1B. A pronounced peak at ¢ &~ 0.23 nm™! is observed
in the native yolk-plasma (¢ = 421 mg/ml), reflecting strong
interparticle correlations due to the high concentration of LDLs,
which account for ~85 wt% of the plasma’s dry matter. The
scattering profile of the most diluted sample (¢ = 4 mg/ml)
is modeled using a spherical core-shell particle with a core
radius of 12 nm and a shell thickness of 3.5 nm, including a
generalized Guinier-Porod contribution to capture the scattering
contribution of apolipoproteins in the corona. The fit was
performed using the SASfit software (50), with full details
provided in S/ Appendix. Note that the scattering intensity /(g)
measured at ESRF and EuXFEL exhibits good agreement, as
shown in ST Appendix, Fig. S2. Hence, I(g) obtained from ESRF
was used for SAXS modeling due to the extended g-range, which
provides improved resolution of structural features.

The I(q) profiles of concentrated yolk-plasma samples
were modeled using a soft-sphere structure factor, as shown
in SI Appendix, Fig. S3 B and C. A repulsive 1/7° potential
was chosen to capture the finite deformability of LDL particles,
describing the progressive increase in repulsion upon compression
without interpenetration. Such soft-sphere models are broadly
applied to deformable colloids and other systems that deviate
from ideal hard-sphere interactions. The estimated S(g) model
fits of all concentrations are presented in Fig. 1C (the full
S(g) profiles are given in SI Appendix, Fig. S4). The structure
factor peak position, gm, shifts to lower g-values with decreasing
LDL concentration, indicating an increase in the interparticle
correlation distance d = 27/gm. As expected, the peak height
of the structure factor, S(gm), increases with increasing LDL
concentration (Table 1). The volume fractions ¢ obtained from
the S(g) fits are summarized in Table 1. The effective particle
diameter of LDLs was determined using Boltzmann’s hard-sphere
criterion (8] Appendix, section 2.3). The corresponding effective
volume fraction was then obtained by multiplying ¢ by a factor
of 1.26.

Wave-Vector-Dependent Dynamics. To estimate the relaxation
times of the LDL particles, we calculated the intensity autocor-
relation functions g»(g, ¢) and modeled them using,
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Fig. 1. Structure and dynamics of caged LDL particles. (A) The photo on the Left shows the two fractions of yolk: yolk-plasma (translucent) and yolk-granules
(opaque), separated from egg yolk after centrifugation (Materials and Methods). The schematic on the Right indicates the cage relaxation of LDL molecules in
yolk-plasma. The interaction time r; of LDL is ~2.5 ps. (B) Normalized scattering intensity of egg yolk-plasma at different concentrations, obtained at ESRF. The
red dashed line is the spherical core-shell fit to dilute /(q) data (c = 4 mg/ml) with radius R = 15.5 nm, including generalized Guinier-Porod contribution (see
SI Appendix for more details). A zoomed-in view around the structure factor peak g-regime is provided in the Inset. (C) The effective structure factor, S(q),
obtained by modeling the /(q) as illustrated in S/ Appendix, Fig. S3 B-D. |f(g, t)|2 at different q values for (D) c = 421 mg/ml, (E) ¢ = 378 mg/ml, and (F) c = 336

mg/ml. The solid lines indicate the fits using Eq. 1.

(g ) =14p()|f (g 1) = 1+5(q) | eXp[—(ff“(q))"(”)][I12i

where f(g, ) is the intermediate scattering function, I'(g) is
the g-dependent relaxation rate, f(g) is the speckle contrast, and
a(q) is the Kohlrausch—Williams—Watts (KWW) exponent (51),
describing the shape of the correlation function. In crowded or
interacting systems, stretched exponential behavior (a(g) < 1)
at intermediate time scales is commonly associated with memory
effects. Representative intermediate scattering functions and
corresponding fits are shown in Fig. 1D-F (see SI Appendix for
details on fitting). The intensity autocorrelation function g (g, #)
decays rapidly in the least crowded sample (Fig. 1F), indicating
fast particle motion, whereas its slower decay at higher concentra-
tions (Fig. 1D and E) reflects reduced mobility due to increased
crowding and interparticle interactions. Additionally, we observe

Table 1. Details of sample and estimated quantities
c YPw Bw ¢ dm S(qm) I'cage
[mg/ml]  [wt%] [wt%] [nm~—1] nm
421 100 0 0.43 0.238 1.89 34401
378 90 10 0.4 0.23 1.79 5.1 +01
336 80 20 0.35 0.223 1.64 7.6+0.8

YPy: relative amount of yolk-plasma in solution.

Bw: relative amount of 170 mM NacCl solution added.

¢ denotes the mass of LDLs per unit final solution volume, ¢ denotes the volume fraction
estimated from S(q) modeling. gm denotes the g-position of the maximum of the structure
factor, S(gm) is the maximum value of the structure factor, and rcage is the size of the
cage deduced from the mean square displacement analysis described in Discussion.

PNAS 2026 Vol. 123 No.8 2519681123

a pronounced stretching of the correlation functions with
KWW exponents varying from 0.5 to 0.8 (S/ Appendix, Fig. S6),
indicating greater stretching (lower @) at higher concentrations.
From the stretched correlation functions, we extract mean
relaxation rates via I'(q) = I'(q) a(q) /T'e(1/a(q)), where T’
denotes the Gamma function (52, 53). The resulting I'(g) values
are depicted in Fig. 24, and we observe a decrease of I'(g) with
increasing concentration, indicating a slowdown in the particle
dynamics as expected. In all samples, we find a I'(¢) ~ 4¢*
(solid lines in Fig. 24) behavior at low ¢ values, which is typical
of Brownian dynamics (54, 55). However, I'(¢) significantly
deviates from the Brownian behavior at g values near the structure
factor peak at g. Such modulations in I'(g) around the g, are
typical signatures of collective relaxation phenomena (de Gennes
narrowing: I'(g) o« 1/5(q)) observed in dense fluids, protein
solutions, colloids, and glasses (19, 53, 56-58).

Next, we examine the wavevector-dependence of the KWW
exponent « as shown in S/ Appendix, Fig. S6. In all samples, the
correlation functions display pronounced stretched-exponential
relaxation, with a(g) in the range 0.5 to 0.8 and for ¢ < g,
o shows a weak decreasing trend with increasing concentration.
In general, @ < 1 can arise from several mechanisms, includ-
ing dynamical heterogeneity (59), memory effects associated
with transient caging (60), local event dynamics (61), etc. In
the present case, however, the a values exhibits an S(g)-like
modulation near the structure-factor peak (g > 0.15 nm~ 1),
with the effect becoming more pronounced at the highest LDL
concentration. This behavior points to pronounced memory
effects in the LDL dynamics on time scales 2 7; (32, 60, 62),
giving rise to a stretched-exponential decay of the intermediate
scattering function f(q, #) and consequently to & < 1. Similar

https://doi.org/10.1073/pnas.2519681123
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Length-scale dependent dynamics of LDLs. (A) Wavevector-dependent relaxation rate of yolk-plasma at different concentrations. The solid line is the fit

usingT'(q) = D g2, performed at the first 6 data points (g-range of 0.075 to 0.125 nm~"), where D is a constant. The strong deviation of experimental data points
at g > 0.15 nm~" from the fit indicates the de Gennes narrowing. (B) The wavevector-dependent reduced memory function (or nonexponentiality function)
of all samples. (C) Comparison of w(g, t) of all samples at g = 0.225nm~". Blue dashed lines in (C) indicate linear fits at long-waiting times. (D) The diffusion
coefficient extracted from the linear fit of w(g, t). The dashed vertical lines in B and D indicate the peak position of the structure factor (gm).

behavior has been observed in metallic glasses near the S(g) peak
(53, 63, 64).

This interpretation can be understood by considering S/
Appendix, Eq. S8, which relates f(g, ¢) to the collective memory
function. In the short-time regime (¢ < 7;), the memory term
(i.e., the integral involving M(q, #)) is negligible, resulting in
an exponential decay of f(g, £) (32). However, at longer times,
the memory term becomes significant, capturing the influence
of past particle configurations on current dynamics, a hallmark
of caging. The degree of stretching in f(q, ¢), and thus the
deviation of a from unity, reflects the strength of these memory
effects. A quantitative measure of this behavior is given by the
reduced memory function (or nonexponentiality function), A(g)
(Eq. 5) (32, 60, 62). Weak and strong memory effects are
characterized by A(g) = 0 and A(g) = 1, respectively. Fig. 2B
shows the experimentally extracted reduced memory function for
LDLs. Overall, A(g) increases with LDL concentration, indicat-
ing enhanced memory effects in denser suspensions. Additionally,
in all samples, A(g) decreases with increasing g, and at the highest
concentration, A(g) exhibits alocal minimum near the S(g) peak
position. This feature is consistent with previous experimental
observations and theoretical predictions based on mode-coupling
approximations for moderately polydisperse colloidal suspensions
(60, 65, 60).

Because the dynamics are subdiffusive at intermediate time
scales, the diffusion coefficient cannot be directly extracted from
the intermediate scattering function. Instead, we determined the
collective width function, w(q, #) (Eq. 9), which becomes linear
at the longest experimental times (Fig. 2C). Fitting this linear
regime (dashed blue curves in Fig. 2C) yields the g-dependent
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long-time diffusion coefficient D(g) from the slope of the fit
(67). The estimated D(g) values for all samples are plotted in
Fig. 2D. The D(q) exhibits a minimum at ¢ & ¢y, indicating
that density fluctuations with wavelengths corresponding to the
typical cage structures are slowed down relative to other modes.
This behavior suggests a coupling to the local structure of the
suspension.

Discussion

In the absence of hydrodynamic interactions, the wave-vector
dependence of D(g) would entirely result from the structural
correlations, following the relation D(q) = Dy/S(gq) (68).
However, comparison of Dy/D(q) and S(q) in SI Appendix,
Fig. S8 reveals significant discrepancies in their g-dependence,
indicating the presence of strong hydrodynamic interactions.
Given the lack of theoretical expressions for D(g) valid on
the interaction and long-time scale, we introduce an effective
hydrodynamic function H*(g) to interpret our results. This
function mirrors the familiar form for short-time dynamics
(27, 69): }
DyH
pg) = 2D
S(q)

where H*(g) captures hydrodynamic interactions on the long-
time scales relevant to our experiment. It is related to the short-

Jon;
D H(q), where

S
Dshort
S

Diong and D:h"" are the long- and short-time self-diffusion
coefficients, respectively. Rescaled hydrodynamic functions of

, (2]

time hydrodynamic function by H*(g) =
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this kind have previously been employed to model data from
hemoglobin solutions (28) and colloidal suspensions (70, 71).
This approach enables us to extract H*(g) from experimental
data using Eq. 2 (Fig. 34). We find that the peak positions
of H*(q) closely align with those of S(g), as indicated by the
vertical dashed lines in Fig. 34. Moreover, the g-dependence
of H*(q) is well captured by the Sy-formalism of Beenakker
and Mazur (72, 73) (Materials and Methods and SI Appendix,
Fig. S9). Comparable scaling behavior has been reported for
colloids within restricted g-intervals (28), and more recently by
us in dense ferritin solutions (30).

The large wave-vector limit of the short-time hydrodynamic
function H(g — 00), yields the normalized self-diffusion
coefficient D:hort/Do (27). Similarly, for the effective hydro-
dynamic function H*(g), the long-g limit gives H*(q —

lon; . . .
o0) = D8/ Dy. We extract this quantity from our experimental

data and plot Diong /Dy as a function of ¢egr in SI Appendix,
Fig. S11. In our recent study on ferritin (30), the long-time
self-diffusion followed the predictions of the hard-sphere-based
model by Medina-Noyola (74) and van Blaaderen et al. (75), in
which direct and hydrodynamic interactions are decoupled. In
this framework, hydrodynamic interactions influence only the
short-time self-diffusion, while direct interactions are described
through the contact value of the pair correlation function.
However, this model fails to account for the significantly

reduced values of Diong/Do observed for LDL particles (S/
Appendix, Fig. S12). This discrepancy arises from neglecting
particle softness and long-range hydrodynamic interactions.
These effects are incorporated in the theoretical treatment by
Tokuyama et al. (37, 42), which provides an expression for

the volume-fraction dependence of Diong /Dy that includes both
short- and long-range hydrodynamic interactions:

D™ 1-(99/32)
Dy 1+L(¢) +eK(9p)
_ (¢/eo)
KO = gy 2!

For a hard-sphere potential, € = 1, whereas for a soft repulsive
interaction described by an inverse power-law potential, U(r) =
/eBT(%)”, € is obtained from the fitting for 9 < » < 36 (76),
where 6 denotes the effective particle diameter. The expression
for L(¢p) is provided in Materials and Methods. The parameter
¢ represents a singular volume fraction which is determined by
the many-body long-range hydrodynamic interactions between
particles. The numerator term, (9¢p/32), arises from the coupling
between direct interactions and short-range hydrodynamic inter-
actions. The function K (¢), which scales strongly with volume
fraction, encapsulates many-body correlation effects due to long-
range hydrodynamic interactions and is the primary contributor

to the significant reduction in Diong (ST Appendix, Fig. S10) (36).

The prediction of Diong/Do for this model, assuming hard-
sphere interactions (dotted line in S/ Appendix, Fig. S11), do

not align with the experimental values. In contrast, Diong/ Dy
for soft-spheres aligns with the data (red line in SI Appendix,
Fig. S11), highlighting the critical role of particle softness in
limiting the self-diffusion coefficients of LDL particles in egg
yolk-plasma. Note that S(g) of LDL particles is modeled using
an inverse power-law potential with » = 9, hence € is treated
as a fitting parameter (76). The estimated values from the soft-
sphere fit given in Fig. 3B, are € & 2.6 and critical volume
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Fig. 3. Hydrodynamicinteractions and normalized self-diffusion coefficient.
(A) Experimental hydrodynamic functions (solid data points) along with model
fits (solid line) as described in the text. Dashed vertical lines indicate the
peak position of the experimental structure factor (gm). (B) The self-diffusion
coefficient of LDLs as a function of the normalized effective volume fraction
of LDLs with respect to critical volume fraction from the soft-sphere fit, solid
black curve: Eq. 8, black dotted curve: Eq. 3 with e = 1, and solid red curve:
Eq. 3 with ¢ ~ 2.6 (obtained from fit).

fraction, ¢p9 ~ 0.66. To facilitate a clearer comparison, the
x-axis of S/ Appendix, Fig. S11 was normalized by ¢y, enabling
a direct comparison with the hard-sphere results (Fig. 3B). This
normalization places both systems on a common relative scale
that reflects their proximity to the dynamical arrest point. On
this normalized scale, the diffusion coefficients of the LDLs are
found to be &3 times lower than those of the hard-sphere system.

Next, we examine the validity of the Stokes—Einstein relation

by comparing the effective viscosity (kp7"/ GHRDiong) estimated
from XPCS with viscosity values obtained from rheology
measurements in S/ Appendix, Fig. S13. The shear-dependent
viscosity is A2 to 3 times higher than that estimated from

XPCS utilizing Dlong values. This suggests that the decrease in
diffusion coefficients observed at high concentrations (Fig. 35)
could not be scaled with the increase in macroscopic viscosity
measured through rheometry. This behavior has previously
also been observed in colloidal systems (25) and small organic
compounds (26) at high concentrations near the glass transition.
This decoupling of momentum and mass transport, and hence
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deviations from the Stokes—Einstein relation, is a hallmark of
dynamics approaching the glass transition (25).

Additional insight into the nature of the stretched correlation
function can be obtained by evaluating the mean-square displace-
ment (MSD) from the intermediate scattering function. In the
short- and long-time regimes, a diffusive behavior (MSD ~ 1)
is expected, denoted by the blue dash-dotted and dashed lines
(Fig. 4A4). However, at time scales of 7;, the MSD displays a
subdiffusive regime with MSD ~ £ (¢ < 1). In other words,
we observe a transition from short-time to long-time diffusive
behavior on the experimentally investigated time scales. This
nonlinear behavior of the MSD is in good agreement with the

A 10% [20
E * Dsshort
/ S . K
1024 —
— 7 0
c ]
5 i
3104
= 3
0, .~::":./' £
1009 =, "50.6 - \V\
17
R T T
107 t [ps]
B ]
§101:
© ]
] ¢ Img/mi]
- 421
1 -@- 378
336
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0.006 0.008 0.010 0.012 0.014 0.016
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Fig. 4. Mean squared displacement and the loss-tangent. (4) Comparison
of MSD of all samples. The solid curves are fits using Eq. 11. The dotted
curves are the extrapolation of the fits. The blue dash-dotted and dashed
lines indicate MSD ~ t. These lines serve as a guide to the eye and indicate
the short-time and long-time behavior of the MSD, respectively. To account
for the limited data quality at short experimental time scales, we refitted
the MSD data by adding and subtracting the experimental uncertainty, i.e.,
¥ = MSD =+ éygp. The resulting fits define the boundaries of the shaded

region in (A). The Inset on the Left shows the ratio Dghort/o';’”g obtained

from the MSD fit (closed data points) and from H*(q) fit (open data points).

Both perturbed MSD fits (y = MSD = §ysp) yield larger Dghort/o';’”g ratios,
indicating an asymmetric (Upper) uncertainty bound. The /nset on the Right
shows the minimum value of ¢ as a function of effective volume fraction.
(B) The loss-tangent as a function of frequency estimated from rheology
measurements. Note that a loss-tangent greater than unity indicates that the
sample is in a liquid state.
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pronounced stretching of the correlation functions observed (57
Appendix, Fig. S6).

As the concentration increases, the MSD decreases, indicating
the expected slowdown associated with crowding. Furthermore,
the distinction between short- and long-time regimes becomes
increasingly pronounced at higher concentrations. To quan-
tify this effect, the MSD curves are modeled using Eq. 11,

and the corresponding D;h"“/Diong values are extracted and
compared with that obtained from H*(gq) fits (Fig. 34) in

the Inset of Fig. 4A. The ratio Dzh"“ / Diong derived from the
MSD fits is &1.5 times lower than the corresponding values
obtained from the H*(g) fits. This discrepancy likely arises
from the limited time resolution of the MSD data at very
short experimental times, where experimental noise hinders
accurate determination of the initial diffusive regime and can

lead to an underestimation of D™, To account for the
limited data quality at short times, we refitted the MSD by
incorporating the experimental uncertainty—both adding and
subtracting it (see Materials and Methods for details)—which

. . |
provides the error bounds for the ratio Dﬁh"“/Dsong. Hence,

Cp. . . lon
within the experimental uncertainty, the values of Dot/ D"

estimated from the MSD and H*(g) fits are in good agreement.
Moreover, the MSD analysis assumes a hard-sphere model,
whereas LDL particles are soft and deformable. A quantitative
framework that explicitly accounts for softness and viscoelastic
interactions would be required to reconcile the two estimates of

D:h"“ /Diong, however, such models are, to our knowledge, not
yet available for LDL-like systems. At the highest concentration,
the diffusion coefficient differs by a factor of ~10. This value
is close to that of monodisperse colloids near freezing (35, 77),
which suggests the LDLs are packed very densely. This dense
packing serves two primary biological functions: it maximizes
the storage of vital lipids for the developing embryo and
helps maintain the structural integrity of the yolk. Despite
the marked reduction in diffusion rates, the yolk remains
in a liquid state (loss-tangent > 1 in Fig. 4B), indicating a
“sluggish liquid” phase. This condition is potentially optimal
for biological purposes—stable enough to preserve lipid storage
while remaining fluid enough for nutrient access by the embryo
when required.

More information on the caged motion at intermediate time
scales can be obtained by extracting the anomalous exponent
¢ = %S(?)(t)) The {-values estimated from the MSD fit for
all samples are displayed in S/ Appendix, Fig. S15. As the volume
fraction increases, ¢ decreases, indicating a stronger degree of
subdiffusive behavior due to crowding and interactions. The
strength of this caging effect is quantified by the minimum
¢ value observed within the measurement time window, as
shown in the /nser of Fig. 44. As expected, the caging strength
increases with volume fraction, indicated by a reduction in {min,
highlighting the impact of crowding on the motion of soft LDL

MSD(# = feage)s is

estimated from the MSD at the cage rearrangement time Zcage-
the point where the MSD starts to rise from its plateau (78).
This plateau corresponds to the minimum ¢ values, making it a
good reference for determining 7cage (Table 1). With increasing
volume fraction, 7cge/R decreases, reflecting enhanced local
confinement and reduced amplitude of particle rattling within
the cages (78).

particles. The cage size, defined as rcge &~
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Summary

In summary, we employed MHz-XPCS on native yolk-plasma to
probe LDL dynamics on microsecond time scales—a regime typ-
ically inaccessible in protein systems. Within this time window,
we directly captured particle rattling, memory effects, and the
onset of collective relaxation on nanometer length scales. LDLs
exhibit stretched correlation functions and subdiffusive dynamics
at intermediate times, arising from both direct interactions
and long-range hydrodynamic coupling. We quantified these
memory effects in a wavevector-resolved manner: The reduced
memory function A(g) and the collective relaxation rate both
show pronounced minima at ¢ & ¢, linking the dynamical
slowdown to the cage-scale structure. We further introduced
an effective hydrodynamic function H*(g), demonstrating that
hydrodynamic interactions continue to shape collective motion
well beyond the nominal short-time limit.

At the highest concentration, the long-time self-diffusion is
slowed by neatly two orders of magnitude compared with dilute
solutions. In addition, the long-time self-diffusion is a factor of
three lower than the hard-sphere predictions when normalized
to the critical volume fraction. This suppression is captured
by a soft-sphere transport relation with an effective softness
parameter and apparent arrest volume fraction. At physiological
concentrations, LDL yolk-plasma behaves as a densely packed,
“sluggish liquid”, exhibiting a pronounced decoupling between

short- and long-time diffusion (D:h‘m/DiOng ~ 10). This state
stabilizes the LDL-rich yolk while maintaining the controlled
mobility required for lipid release during embryonic develop-
ment.

More broadly, the combined analysis of A(g), I'(g), and
H*(q), together with the soft-sphere transport (€, ¢g), estab-
lishes a quantitative framework for crowded protein systems.
It links cage-scale structure, memory effects, and long-time
diffusivity-offering a broadly applicable framework for under-
standing relaxation and transport in dense biological fluids such as
protein solutions, condensates, cytoplasm, and other soft-matter
systems.

Materials and Methods

sample Preparation. The egg yolk used in this study was obtained from a hen
egg purchased ata supermarket. The yolk extracted from the egg was centrifuged
(44) at 7,197 g for ~4 d to separate the yolk-plasma from the yolk-granules
(see SI Appendix for details). During centrifugation, the heavier entities in the
yolk (called yolk-granules) settled, leaving behind a yellow-translucent liquid
known as egg yolk-plasma (Fig. 14). The total dry mass content of the yolk-
plasma was determined by complete water removal (dried under fume hood)
and subsequent weighing of the residue, yielding a value of 49 wt%. Based
on prior compositional analyses, LDLs account for approximately 85 wt% of the
dry matter (44), indicating that undiluted yolk-plasma contains ~421 mg/ml
of LDLs. To prepare samples of lower LDL concentration, the yolk-plasma was
diluted to 90 wt% and 80 wt% using NaCl buffer (170 mM), resulting in final LDL
concentrations of 378 mg/ml and 336 mg/ml, respectively. The exact amounts
of buffer added for each dilution are listed in Table 1. All samples were stored at
5°C until use. For XPCS measurements, the yolk-plasma solutions were loaded
into 1.5 mm-diameter quartz capillaries and vacuum-sealed with epoxy glue. All
XPCS experiments were conducted at a temperature of 25 °C.

Estimation of /(q). The scattering intensity provided in this work, /(g) =
aw(q) — lwater(q), where law(q) and lyater(q) are the scattering intensities
of sample and water, respectively, were obtained by azimuthal integration of the
scattering pattern from the 2D detector. In yolk-plasma, the LDLs are dispersed
in water, hence, the water background is subtracted to get the scattering

PNAS 2026 Vol. 123 No.8 2519681123

contribution of LDLs. Normalization of /(q) is performed such that the high-
q scattering intensities of higher concentrations are made to coincide with those
of the ¢ = 4 mg/ml sample.

Estimation of Dg and Dy. The diffusion coefficient of LDL particles in the dilute
limit is estimated by the Stokes-Einstein relation,

pd — kel
07 6anR’
where T = 298K, 7 and R = 15.5 nm are the temperature of the system,
viscosity of water, and radius of the LDL particles in dilute solution, respectively.
However, Dy is the effective diffusion coefficient of LDL particles in dilute solution

estimated using the Stokes-Einstein relation, considering the effective radius of
LDL particles at different concentrations (S/ Appendix, Fig. S3 B-D).

(4]

Reduced Memory Function. Reduced memory function (or nonexponentiality
function) (32, 60, 62) is given by
I'(q)

A =1y

where T'(g) denotes the relaxation rate in the short-time limit t < z; during
which f(g, t) decays exponentially (32). To estimate (), Eq. 1 was fitted to
the data with @ = 1fort < zj (see SI Appendix for details on the extraction
procedure).

(5]

Hydrodynamic Function. The shorttime hydrodynamic function can be

shol
decomposed into a self-part DBO" and a g-dependent part Hy(q) using,
Dshon
H(q) = =5 — +Hq(9) (6]
0

where DOt is the self-diffusion coefficient and the g-dependent part of
hydrodynamic function Hy (q) is given by ref. 27,

3 [°/sin(Rq) 2 1 ,
M0 =7, | < Rq) ) 585, (Rg) RO
1
[ s =istia—dn -1,

where x is the cosine of the angle between the wave vectors g and ¢’ and S,
is a known function independent of particle correlation and is given in ref. 79.

Forg — oo, Hy(q) goes to zero and H(g) becomes the normalized short-time

Dghort
D

(7]

translational self-diffusion coefficient 5 . The g-dependent part Hy(q) was

estimated using the Jscatter (80) Python library, where the structure factor of
the samples was given as input.

short
Theoretical Predictions of D§h°”/Do . The theoretical prediction of DBO

by M. Tokuyama and 1. Oppenheim (37), incorporating both short-range and
long-range hydrodynamic interactions and their coupling, is given by,

Dghort B 1
Dy  1+L(9)
2
L(¢) _ be _ Cf _ 2bef
T—bf 142 1—bf+¢

(,I _ 6bef beCf )
T—bs+cr+48bscy 1 —bp+ ¢ + 2bscr
bec? 3bec?
+ 1 (1 + i —
(1 +¢) (1= b +¢f) (14 ¢) (1 = by + ¢5) — 2byc?

be? ):|
(T+e)(V=bf+¢) — befZ
br = (9¢/8)"/%, ¢ = 11¢/6 [8]
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The first, second, and third terms in L(¢) correspond to contributions from the
long-range hydrodynamic interaction, short-range hydrodynamic interaction,
and their coupling, respectively (37).

Extraction and Modeling of MsD. The collective width function, w(g, t) is
extracted from f(g, t) using (81, 82),

w(gt) = - qlz Inff(q, 1) (9

The incoherent MSD can then be estimated from w(g, t) forgR > 2.5 using
the relation (67, 81, 83)

long
MSD (1) = 6w(g t) =—,

(t) (@t (@) [10]
which is an empirical expression from experiments (67, 83). The validity of this
expression for yolk-plasma solutions is confirmed by the collapse of all MSD
curves for gR > 2.5 as shown in S/ Appendix, Fig. S14. Thus, averaging all
MSD values displayed in S/ Appendix, Fig. S14 yields a single representative
MSD curve for each sample, as shown in Fig. 44. An expression to MSD for
concentrated, equilibrium suspensions of hard-spheres is given by Tokuyama
etal. (84, 85),

short
MSD (t) = 1 |n|:1 + e
2

Dlsong

exp (6vD|S°ngt):|, [11]

where visafree parameterto be determined and s related to the static properties
in the equilibrium suspension (84).

Furthermore, to account for the limited data quality at short experimental
time scales, we refitted the MSD data by adding and subtracting the experimental

uncertainty, i.e., y = MSD = psp, using Eq. 11. Both perturbed fits yielded

larger DghO”/D';’”g ratios than the original fit, indicating that the uncertainty

predominantly affects the upper side of the fitted parameters. Accordingly, the

uncertainty in Dghoﬁ/o';’”g is asymmetricand is reported as a one-sided (upper)
bound, as shown in the Inset of Fig. 4A.

X-Ray Experimental Parameters. XPCS measurements were conducted atthe
MID instrument (43) of the EUXFEL in a SAXS configuration. The experiments
utilized the full self-amplified spontaneous emission (SASE) with a mean photon
energy of 10 keV and a focused beam size of 11.7 & 0.3 pm. The EuXFEL
delivers X-ray pulse trains at a repetition rate of 10 Hz. Each train in the
experiment contained 310 individual pulses with an intratrain repetition rate
of 4.5 MHz, corresponding to a pulse spacing of 222 ns. Scattered X-rays
were recorded using the Adaptive Gain Integrating Pixel Detector (AGIPD),
featuring a pixel size of 200 pm and positioned 7.68 m downstream from the
sample. The primary dataset was acquired during experiment number 5397,
while additional supporting data were collected during experiment 6996, which
employed slightly different beam parameters. Full details of both experimental
configurations are provided in S/ Appendix. The datasets were analyzed using
the dedicated data processing pipeline developed by EuXFEL (86). X-ray beam-
induced effects (45, 48) and mitigation strategies are detailed in S/ Appendix.
The yolk-plasma was found to be stable until a critical dose of 20 kGy, and
hence all measurements shown in this manuscript were performed below
the critical threshold of 20 kGy using a dose rate of 0.23 kGy/ps. The SAXS
experimental parameters at ESRF (beamline ID02) are provided in S/ Appendix,
Table S3.
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and 10.22003/XFEL.EU-DATA-006996-00) (87, 88). Data recorded at ESRF are
available at (DOI: 10.15151/ESRF-ES-2009918726) (89).
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