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Macromolecular crowding plays a crucial role in modulating protein dynamics in
cellular and in vitro environments. Polymeric crowders such as dextran and Ficoll
are known to induce entropic forces, including depletion interactions, that promote
structural organization, yet their nanoscale consequences for protein dynamics remain
poorly understood. Here, we employ megahertz X-ray photon correlation spectroscopy
(MHz-XPCS) at the European X-ray Free Electron Laser (XFEL) to probe the dynamics
of the protein ferritin in solutions containing sucrose, dextran, and Ficoll. We find
pronounced changes in collective protein dynamics in polymeric crowders, revealing
depletion-driven short-range attractions that, combined with long-range repulsions,
give rise to intermediate-range organization. These mesoscale correlations undergo
collective relaxation on microsecond to millisecond timescales, as directly resolved
by XPCS through the decay of ferritin density fluctuations. The magnitude of
this depends sensitively on crowder molecular weight and type. Normalizing the
crowder concentration by ¢* reveals scaling behavior of ferritin self-diffusion with a
crossover near 2¢*, marking a transition from depletion-enhanced mobility to viscosity-
dominated slowing. Our results demonstrate that bulk properties alone are insufficient
to describe protein dynamics in crowded solutions, highlighting the need to include
polymer-specific interactions and depletion theory in models of crowded environments.

macromolecular crowding | diffusion | depletion interaction | X-ray photon correlation spectroscopy |
free electron laser

Macromolecular crowding is a defining feature of cellular environments (1-6), where
high concentrations of macromolecules strongly influence protein dynamics (7-12)—a
key factor in processes such as molecular transport, signal transduction, and enzymatic
activity (13-15). Numerous studies have demonstrated that crowding can, for instance,
modulate biochemical reactions by hindering protein diffusion or enhancing complex
formation through a combination of excluded-volume effects, entropic and enthalpic
interactions (16-19). To mimic such crowded conditions in vitro, polymeric crowders
such as polyethylene glycol (PEG), Ficoll, and dextran are widely employed (20-22), and
their impact on protein structure and thermodynamics has been extensively characterized.

In protein-polymer mixtures, nonadsorbing polymers induce depletion interactions
that generate short-range attractions between proteins (23-29). These interactions are
known to promote protein—protein association, clustering, and liquid-liquid phase
separation (LLPS) (30-34), whose structural consequences have been studied in detail
using scattering techniques (35, 36). In particular, when short-range attractions are
counterbalanced by long-range repulsions, proteins may develop intermediate-range
order (IRO), which manifests itself as a weak low-q feature in the static structure
factor (35, 37). While such structural features are well documented, it remains
largely unclear whether these weak static signatures correspond to dynamically relevant
mesoscale organization or merely reflect time-averaged correlations with limited influence
on protein mobility. In particular, the impact of such mesoscale correlations on
protein dynamics at nanometer length scales and microsecond timescales—relevant for
transient complex formation and transport in crowded environments—remains poorly
understood.

A major limitation in addressing this question has been the lack of experimental
access to protein dynamics in the regime where depletion-driven mesoscale organization
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emerges. Conventional optical techniques typically probe ei-
ther single-particle diffusion on longer timescales or average
transport properties governed by bulk viscosity, while scatter-
ing experiments primarily provide static structural information
(35, 38, 39). As a result, the dynamic consequences of depletion
interactions and IRO have so far been inferred indirectly or
predicted by simulations (40), but remain largely unexplored
experimentally.

Here, we address this gap by directly probing protein dynamics
in crowded polymer solutions using megahertz X-ray photon
correlation spectroscopy (MHz-XPCS) at an X-ray free-electron
laser. MHz-XPCS provides access to density fluctuations on
nanometer length scales and microsecond-millisecond timescales,
enabling simultaneous measurements of collective and self-
diffusion in highly concentrated solutions (41-43). Importantly,
MHz-XPCS probes protein motion governed by the local,
molecular-scale viscosity experienced by proteins rather than
macroscopic bulk viscosities. This unique capability allows us to
directly resolve the dynamic consequences of depletion-induced
interactions and mesoscale structural organization.

Using ferritin as a monodisperse globular model protein, we
investigate solutions containing small molecular crowders and
polymeric polysaccharides of varying molecular weight and con-
centration. All experiments are performed at physiologically rel-
evant protein concentrations, chosen to minimize self-crowding
while retaining sensitivity to crowder-mediated interactions. We
show that polymeric crowders induce depletion-driven short-
range attraction combined with long-range repulsion, giving rise
to intermediate-range order that is predominantly dynamic in
nature. This transient mesoscale organization strongly suppresses
collective diffusion on length scales of several protein diameters.
Furthermore, we find that ferritin self-diffusion exhibits a
nonmonotonic dependence on crowder concentration, reflecting
nanoscale effects associated with a shrinking depletion layer
thickness in the semidilute regime, followed by a crossover
to macroscopic viscosity control in the concentrated regime.
These deviations from simple linear scaling—resembling those
observed for nanoparticles in PEG solutions (39)-highlight the
importance of nanoscale interactions that can be directly resolved
by XPCS.

Taken together, our results demonstrate that crowders pro-
foundly shape protein dynamics through emergent structural
organization and modifications of the local interaction landscape.
These findings call for a refined framework for protein dynamics
in crowded environments, in which depletion interactions,
polymer network structure, and transient nanoscale order are
treated as central elements governing protein mobility and phase
behavior.

Results

Modeling a Crowded Environment Utilizing Crowding Agents.
In this study, we investigated the protein ferritin, dissolved in
solutions containing various macromolecular crowders. Ferritin
is a spherical protein complex composed of 24 subunits that
assemble into a hollow shell capable of storing up to 4,500
Fe(IIl) atoms (44, 45), thus fulfilling its primary function as
iron storage (46). Its hydrodynamic radius has been determined
to be R, = 6.85 nm (47). Due to its monodispersity and
stability over a broad range of pH and temperature conditions,
ferritin is also widely used in vaccine development (48) and drug
delivery applications (49, 50). These attributes, combined with
the strong X-ray scattering contrast provided by its iron-rich core,
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make ferritin an ideal globular model protein for X-ray scattering
studies under crowded conditions.

All experiments were conducted at a constant ferritin con-
centration of 55 mg/ml, corresponding to a protein volume
fraction of approximately 2.55%v/v. At this concentration,
self-crowding effects remain negligible while protein—protein
interactions influenced by the crowders are still measurable,
allowing us to isolate the dynamic effects of crowder-induced
interactions. This concentration is also physiologically relevant,
as cytoplasmic protein concentrations have been estimated to be
on the order of 75 mg/ml (51).

Several standard crowding agents spanning a broad range of
molecular sizes and architectures were used, including sucrose,
a small nonpolymeric crowder (My, = 342.3 g/mol), and the
polysaccharides Ficoll400 (M, = 400 kg/mol) and dextran with
three different molecular weights (My, = 40, 100, 500 kg/mol;
in the following referred to as dextran 40, dextran 100, and
dextran 500). Ficoll is a highly branched, internally cross-linked
polymer with a compact conformation, whereas the branched
dextrans form more flexible, extended structures (20, 52). The
corresponding radii of gyration (Ry) and their ratio to that of
ferritin are listed in Table 1 as reported in refs. 53-55, referring
to the molecular dimensions in dilute systems.

We focused on crowder concentrations of 10 to 35%w/w
(~9.5 to 30%v/v), corresponding to cytoplasmic macromolec-
ular volume fractions of 20 to 40%v/v (1, 56, 57). Changes
in the slope of the macroscopic viscosity measured across the
full concentration range were used to estimate the overlap con-
centration ¢* and entanglement concentration ¢** for dextran,
as summarized in Table 1. ¢* of Ficoll was taken from ref. 58.
Accordingly, the investigated solutions predominantly fall within
the semidilute to concentrated polymer regime. The solvent
quality corresponds to -solvent conditions.

Accessing Nanoscale Protein Dynamics by Extracting Intensity
Autocorrelation Functions Utilizing XPCS. We investigated the
influence of standard crowders on protein dynamics via MHz-
XPCS experiments at the Materials Imaging and Dynamics
(MID) instrument of the European XFEL (59). This technique
enables direct access to collective and self-diffusion on nanometer
length scales and microsecond timescales, even in highly concen-
trated solutions (60—65). Moreover, XPCS allows determination
of the hydrodynamic function, aiding in the study of long-range
many-body interactions mediated by the solvent (66). These
capabilities make MHz-XPCS a powerful tool for investigating
molecular crowding effects. Its successful application to protein
dynamics has been demonstrated by Reiser et al. (41), Girelli et
al. (42), and Anthuparambil et al. (43).

Samples were loaded into quartz-glass capillaries and sealed
with epoxy glue. The experimental setup for MHz-XPCS
experiments at MID is shown in Fig. 14. Results are reported
from two experimental campaigns using photon energies of 9
and 10 keV and beam sizes of 14.5 and 14.2 pm, respectively.

Table 1. Crowder-specific parameters
Crowder Rg (nm) Rg’ferr/Rg’cr c* (%w/w)  c** (%w/w)
Sucrose 0.4 11.11 - -
Ficoll 11.07 0.53 17 -
Dextran 40 6.2 0.95 12.75 31.42
Dextran 100 9.5 0.62 9.42 26.09
Dextran 500 20 0.29 4,97 18.11
pnas.org
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Fig. 1. MHz-XPCS measurements at the MID instrument of the European XFEL. (A) Schematic of the experimental setup. Coherent X-ray pulses illuminate
ferritin solutions containing different crowder types and concentrations, producing speckle patterns recorded by the AGIPD. A new pulse train is delivered every
100 ms, with intrapulse spacings of 440 ns and 220 ns used. The Fast Solid Sample Scanner (FSSS) moves the sample between trains, ensuring that each train
probes a fresh spot. Intensity fluctuations within a train are analyzed to extract dynamic information by calculating intensity autocorrelation functions (g, (t)).
(B) g-dependent g, (t) functions for ferritin in a 25%w/w dextran 40 solution. (C) g5(t) functions at a fixed g-value of 0.21 nm~" for dextran 40 concentrations
ranging from 10 to 40%w/w. (D) g (t) functions at the same g-value for 20%w/w of dextran, Ficoll, and sucrose. Solid lines represent fits based on Eq. 1. Error
bar determination is described in Materials and Methods. The ferritin schematic is adapted from PDB ID:2w0o (67).

X-ray pulse trains containing 200 and 310 pulses with a spacing
of 440 and 220 ns interacted with the sample, and pulse-
resolved scattering patterns were recorded with the Adaptive
Gain Integrating Pixel Detector (AGIPD), positioned at 7.15 m
and 7.68 m from the sample, respectively. This configuration
provided access to wavevectors ¢ in the range of 0.1 to 1 nm ™! as
well as 0.075 to 1 nm ™! and enabled measurements on timescales
from 0.44 to 88 ps and 0.22 to 69 ps.

To reduce radiation damage and beam-induced heating, the
X-ray intensity was strongly attenuated, resulting in photon fluxes
of 107 to 108 photons per pulse incident on the sample. The sam-
ple volume was refreshed for each pulse train, ensuring that the
total X-ray dose and dose rate remained below established damage
thresholds (42, 43). Statistically robust data were obtained by
averaging scattering patterns and autocorrelation functions from
more than 12,000 distinct positions across multiple capillaries. In
addition to the MHz-XPCS experiments, complementary small-
angle X-ray scattering (SAXS) measurements were performed at
the DELTA synchrotron radiation facility at TU Dortmund (68).

The observed dynamics can be attributed exclusively to ferritin,
as no correlation and thus no dynamics were detected in the
two-time correlation functions of the pure crowder solutions
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(81 Appendix, Fig. S1). Protein dynamics were analyzed by
calculating intensity autocorrelation functions, g2 (g, ¢), from the
temporal intensity fluctuations of the speckle patterns recorded
within individual X-ray pulse trains. Fig. 1B presents an example
of the resulting g-dependent g»(g, ¢) functions, where ¢ refers to
the momentum transfer as ¢ = 4x/A sin(f) with 20 denoting
the scattering angle and A indicating the X-ray wavelength.
All g5(q, ) functions were collected at room temperature. The
solid lines represent fits using the Kohlrausch—Williams—Watts

(KWW) function (69):
&(g, t) = 1+ B(q) exp[-2(I'(q) )], 1]

where f(g) denotes the g-dependent speckle contrast, modeled
following refs. 70 and 71, I'(¢) is the g-dependent relaxation
rate, and a is the KWW exponent. All correlation functions
are well described with & = 0.9 indicating slightly subdiffusive
behavior, consistent with previous observations for the diffusion
of nanoparticles, proteins, and fluorescent tracers in solutions
containing soft polymers (72-74). Further details on extracting
the g2(g, t) are provided in Materials and Methods.

Fig. 1C shows the g(#) functions of ferritin in dextran
40 solutions at varying concentrations. Fig. 1D compares

https://doi.org/10.1073/pnas.2524733123
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Fig. 2. Extracted g-dependent collective diffusion coefficients D(q) = I'(q)/q? of ferritin in different crowder solutions, normalized to D¢ (ccr) for comparison.
Dg(ccr) was derived from Eq. 2, with the respective values summarized in S/ Appendix, Table S2. (A) D(q)/Dq(ccr) for ferritin in solution with 30%w/w sucrose
and 20%w/w dextran 100 and dextran 500. (B) D(q)/Dg(ccr) in 25%w/w dextran 500 (Left), dextran 100 (Middle), and Ficoll (Right), with Insets zooming into the
low-to-intermediate g-range showing the most pronounced changes. Error bars were obtained from least-squares fits of the g,-functions.

ferritin dynamics in solutions containing different crowders at
20%w/w. In sucrose solutions, ferritin exhibits significantly faster
dynamics than in polysaccharide-based solutions, primarily due
to differences in solution viscosity (75, 76). Ficoll, with its
highly branched architecture, elevates viscosity less than dextran,
resulting in less pronounced ferritin slowing.

Depletion-Induced Attraction in Polysaccharide Solutions Hin-
ders Collective Protein Motion on Mesoscales. In crowded
solutions at high particle concentrations, protein dynamics
are governed by both direct protein—protein interactions and
indirect hydrodynamic interactions mediated by the solvent (77).
These interactions give rise to a wavevector-dependent collective
diffusion coefficient, D(g), which can be related to the static
structure factor S(g), the hydrodynamic function H(g), and the
diffusion coefficient Dy (c.) of the protein in crowder solutions
in the absence of protein—protein interactions (77)

H(g)
D(q) = Do(cer) - ——. 2
(4) 0( cr) S q) (2]
In our experiment, reliable data are obtained across the range
g = 0.1 to 0.57 nm™!, corresponding to length scales from
approximately five to one ferritin diameters, respectively. Since
XPCS probes density—density correlations shaped by interparticle
interactions, the measured D(g) directly reflects collective protein
dynamics (see ST Appendix for details). The collective diffusion
coefficient is extracted from exponential fits of the intensity
autocorrelation functions, g2, via D(q) = I'(¢)/4*.

Fig. 24 compares the experimentally determined D(g) of
ferritin in solutions containing sucrose, dextran 100, and dextran
500. For ferritin in sucrose solution, D(g) decreases with
increasing ¢. Within the framework of Eq. 2, such behavior is
characteristic of systems dominated by repulsive protein—protein
interactions (S Appendix, Fig. S3) and is consistent with recent
measurements of collective ferritin diffusion in aqueous solution
(42). These findings are consistent with previous studies reporting
that the addition of sucrose renders protein systems slightly more

repulsive (78, 79).
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In contrast, the D(g) of ferritin in dextran 100 and dextran 500
increases from low to intermediate ¢, deviating markedly from
the monotonic behavior expected for purely repulsive systems.
Fig. 2B illustrates this effect for ferritin in solutions containing
25%w/w of dextran 500, dextran 100, and Ficoll. Comparing
the low-g region (g ~
(g ~ 0.3 to 0.4nm™!), a pronounced depression of D(g) at
low g is observed for dextran 500, a weaker but similar trend
for dextran 100, and at most a marginal effect for Ficoll. A
modest concentration dependence is also present, for example
when comparing 10%w/w and 20%w/w (S Appendix, Fig. S4),
but this effect is substantially weaker than the molecular-weight
dependence, likely reflecting the narrower concentration range
explored.

With the relation given by Eq. 2, an increase of D(g) from
low to intermediate wavevectors corresponds to a reduction of the
inferred S(g) at low g, consistent with the emergence of effective
attractive interactions on mesoscopic length scales. The observed
low-g suppression of D(gq) therefore indicates the presence of
enhanced interprotein attraction in polysaccharide solutions.

In systems containing polymeric crowders, depletion interac-
tions provide a well-established mechanism to induce short-range
attraction. As polymers lose configurational entropy near protein
surfaces, polymer-depleted regions form around the particles
(23-25). When these regions overlap, the excluded volume for
the polymers is reduced, increasing the system’s entropy and
generating an effective attractive force between proteins. Thus,
in our system, the polymers present at elevated concentrations
induce depletion interactions between the ferritin molecules.

Classical theories of semidilute polymer solutions predict
depletion interactions to be largely independent of polymer
molecular weight. In contrast, our experiments with dextran
reveal a pronounced molecular-weight dependence. We attribute
this discrepancy to the branched architecture of dextran, which
likely modifies depletion behavior relative to that of linear
polymers.

Thus, our experimental data show that depletion-induced at-
traction suppresses collective ferritin dynamics in polysaccharide
solutions on mesoscopic length scales of approximately 2 to
3 ferritin diameters. The strength of this suppression depends

0.2nm™ ") with an intermediate g-range
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Fig. 3. Approximation of the experimental D(q)/Dq(ccr) using simplified interparticle interaction potentials. (A) Experimental D(q)/Dq(ccr) of ferritin in sucrose
and dextran solutions compared with modeled D(q)/Dq(ccr) (dashed lines). The modeled curves are calculated using a single-Yukawa potential for sucrose,
capturing predominantly long-range repulsive interactions, and a two-Yukawa potential for dextran, which includes an additional short-range attractive
contribution. (B) Comparison of modeled D(q)/Dg(ccr) obtained using a purely repulsive single-Yukawa potential (dotted line) and a two-Yukawa potential
with identical repulsive parameters plus an added short-range attraction (dashed line). Inclusion of an attractive interaction is required to reproduce the

experimentally observed low-q behavior of D(q)/Dq(ccr).

primarily on polysaccharide molecular weight and structure,
while its concentration dependence is comparatively weak over
the explored range.

Theoretical Approximation of Experimental D(q) Based on
Interparticle Interaction Potentials. To extract quantitative in-
sight from the experimental D(g), theoretical modeling of the
data is performed. For this purpose we exploit the relation
between D(q), S(g), and H(q) given in Eq. 2. Specifically,
we compute the ratio H(q)/S(g) using simplified theoretical
models for the particle—particle interaction potential, as described
in SI Appendix. We employ this approach as a reliable determi-
nation of the ferritin—ferritin structure factor from SAXS is not
straightforward in the present ferritin-crowder mixtures, since the
measured scattering contains ferritin-crowder cross-correlations
that cannot be removed through background subtraction. While
XPCS primarily probes the dominant intensity fluctuations
arising from ferritin dynamics, the extraction of interaction-
induced structural modulations in S(g) relies on comparatively
small deviations from unity and therefore remains sensitive to
such cross-correlation contributions (see S/ Appendix for details).
The hydrodynamic function H(g) is obtained using the &y
expansion of Beenakker and Mazur (80, 81) (see SI Appendix
for details). This approximation treats many-body hydrodynamic
interactions in concentrated dispersions by relating H(g) to the
static structure factor S(g) and the particle volume fraction,
thereby accounting for the leading solvent-mediated hydrody-
namic coupling beyond the dilute limit. It assumes spherical
particles, equilibrium pair-averaged structural correlations, and a
continuum-solvent description. We therefore use it as a coarse-
grained approximation for the hydrodynamic contribution to
D(q), rather than as a microscopic description of crowder-specific

flow fields.
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To describe the predominantly repulsive interactions of ferritin
in sucrose solution, a single-Yukawa potential is employed. In
contrast, ferritin-polysaccharide mixtures require the inclusion
of short-range attraction, which we model using a two-Yukawa
potential. This coarse-grained form, commonly used for globular
protein solutions, captures the competition between short-range
attraction and long-range repulsion (82, 83). The use of a two-
Yukawa potential is consistent with the experimentally observed
low-g flattening or modest increase of D(q — 0), systematically
found across the polysaccharide datasets.

The reduced form of the interaction potentials is given in
SI Appendix, Eq. S$6. Optimization of the potential parameters
enables simultancous determination of S(g) and H(g). To
limit fitting freedom, the repulsive part is held fixed across
datasets, while only the attractive term is varied with poly-
mer concentration to reflect depletion effects. The resulting
interaction potentials are shown in S/ Appendix, Fig. S7, with
fitted parameters summarized in SI Appendix, Table S2, and
the corresponding modeled D(q) displayed in SI Appendix,
Fig. S5.

Despite the simplicity and empirical nature of this approach—
and the fact that the true depletion potential is not expected to
follow a two-Yukawa form exactly (84)—the calculated D(g)
agrees reasonably well with the experimental data (Fig. 3A4).
Fig. 3B further compares the modeled D(g) obtained using
a single- and a two-Yukawa potential with experimental data
for ferritin in 25%w/w dextran 100. A purely repulsive single-
Yukawa potential fails to reproduce the observed behavior,
whereas inclusion of a short-range attractive term provides a rea-
sonable approximation (S/ Appendix, Fig. S6). We emphasize that
this modeling is intended as an interpretive framework to classify
experimentally observed trends, rather than as a unique or micro-
scopic description of the underlying more complex interaction
potentials.
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Effects of crowder molecular weight and concentration on the attraction strength between ferritin molecules. (A) Modeled static structure factor S(q)

and (B) hydrodynamic function H(g) using a two-Yukawa potential for ferritin in solutions containing different crowders at a concentration of ccr = 25%w/w.
(C) Attractive potential strength parameter Ky, extracted from modeling the experimental D(q) via Eq. 2 as a function of crowder concentration. Error bars are
estimated by varying K7 within the experimental uncertainty of D(gq) while keeping all other potential parameters fixed. (D) Model-derived characteristic escape
or residence time of transient ferritin associations stabilized by depletion-induced short-range attraction in polysaccharide solutions, calculated using Eq. 3, as

a function of ccr.

D(q) Points to IRO Formation Arising from Competing
Long-Range Repulsion and Depletion-Driven Short-Range
Attraction. Our model indicates that the coexistence of the
depletion-induced short-range attraction and long-range repul-
sion leads to the emergence of intermediate-range order (IRO)
of ferritin molecules. This organization is inferred from the char-
acteristic low-¢ suppression of the collective diffusion coefficient
D(q) and its dependence on polymer molecular weight.

In protein solutions, repulsive interactions mainly arise from
steric exclusion and electrostatics. At the ionic strength employed
here, electrostatic interactions are largely screened and therefore
short-ranged. In addition, polymer crowders can generate longer-
range repulsive interactions. This so-called free-polymer-induced
repulsion originates from a weak entropic preference of polymer
chain ends for impenetrable interfaces. As two surfaces approach
each other, perturbation of this end-enrichment leads to an im-
balance in osmotic pressure, giving rise to a nonlocal, mesoscopic
repulsive interaction (85-87).

IRO is characterized by spatial correlations extending over
length scales of approximately two to three protein diameters.
These correlations arise from the competition of interactions
rather than from stable aggregation or clustering (35, 88). They
correspond to transient, dynamically exchanging protein assem-

6 of 12 https://doi.org/10.1073/pnas.2524733123

blies in which particles continuously associate and dissociate (35).
Consequently, this organization remains highly dynamic, with
structural fluctuations occurring on the microsecond timescale,
consistent with the temporal window accessed by our XPCS
experiments.

Such intermediate-range structural organization is expected
to suppress collective protein mobility. Thus, the observed
mesoscale suppression of D(g) can be understood as a man-
ifestation of de Gennes narrowing arising from depletion-
induced intermediate-range structural organization (89). Related
forms of IRO have been reported for concentrated lysozyme
(90, 91) and monoclonal antibody (mAb) solutions (92), where
enhanced attractive interactions arise either from high protein
concentrations or from specific interprotein interactions.

The inferred intermediate-range organization is reflected in
the estimated structure factors S(g) (Fig. 44) and hydrodynamic
functions H(g) (Fig. 4B) obtained from the empirical modeling
of the experimental D(g). In these quantities, intermediate-range
organization appears as a low-g contribution, whereas the peak
at g ~ 0.4 t0 0.6 nm ™! corresponds to typical nearest-neighbor
distances between ferritin molecules in solution, consistent with
independent experimental observations (see S/ Appendix, Figs. S2

and S3 and ref. 42).
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Depletion Attraction Scales with Molecular Weight and Crow-
der Concentration. The inferred structure factors S(g) and
hydrodynamic functions H(gq), obtained from empirical mod-
eling of the experimental D(g) for ferritin in 25%w/w crowder
solutions (Fig. 4 A and B), indicate that depletion-induced
short-range attraction becomes increasingly pronounced with
rising polysaccharide molecular weight. This behavior is reflected
in the enhanced low-g contribution of both quantities and
mirrors the molecular-weight dependence observed directly in the
experimental collective diffusion coefficient D(gq) (Fig. 2). When
examined as a function of crowder concentration, the inferred
S(gq) and H(g) exhibit qualitatively similar trends (S Appendix,
Fig. S9), but with substantially smaller amplitudes, consistent
with the comparatively weak concentration dependence observed
in the experimental dynamics.

Since H(g) = 1 corresponds to the absence of hydrodynamic
interactions (77), deviations toward lower values quantify the
degree of hydrodynamic hindrance arising from correlated
particle motion. The increase of H(q) at low g therefore reflects
areduction in hydrodynamic hindrance associated with transient
mesoscale organization. This coupling between structural cor-
relations and hydrodynamic interactions is well established and
reflects the fact that correlated particle motion can give rise to
more coherent flow patterns and reduced mutual interference,
thereby modifying the effective hydrodynamic drag experienced
by the proteins.

The hydrodynamic function also provides access to the
sedimentation coefficient, since H(g — 0) = K = Vied/ Vo,
where Vieq is the mean sedimentation velocity in a concentrated
dispersion and V} the single-particle sedimentation velocity (40).
Sedimentation is an essential mode of mass transport, playing a
central role in the intracellular distribution of biomolecules (93,
94) and in regulating phase separation. Compared with sucrose
solutions, where repulsive interactions dominate, polysaccharide
solutions such as dextran 500 show enhanced sedimentation
coefficients K (Fig. 4B). This increase indicates that short-range
attraction introduced by macromolecular crowding can promote
more efficient transport processes and potentially facilitate phase
separation.

Fig. 4C shows the attractive potential strength K7, extracted
as a fit parameter from the two-Yukawa potential (S7 Appendix,
Eq. S6) for all solutions, illustrating that depletion-induced
attraction strengthens with molecular weight and concentration.
This trend is consistent with the deepening of the interaction
potential minimum inferred from the modeling (S7 Appendix,
Fig. S7). An approximately linear increase of Kj with concen-
tration would be expected for depletion interactions induced
by small crowders in the dilute regime. However, given the
substantial uncertainties at highest concentrations, a deviation
from linearity including a flattening that would be expected for
depletion attraction in the semidilute to concentrated regime,
remains equally compatible with the extracted parameters.

Following the approach of ref. 95, the potentials further allow
an approximate estimation of the lifetimes of protein complexes
stabilized by IRO, by considering the characteristic escape time
of two particles from a potential well. For the rather shallow
potentials to be considered here, we make use of an expression
for the lifetime derived in ref. 96:

A1 1
- —(exp(U)—1) = —, 3
17 Dsleq) U2 (exp (V)= 1) = 55 31
where A ~ 0.16, with 6 = 11.8 nm corresponding to the

ferritin diameter (97) and U denotes the minimum of the
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potential in units 3 7". Ds(c) is the self-diffusion coefficient of
ferritin in crowder solutions for varying crowder concentrations.
In principle, the self-diffusion coefficient corresponds to the limit
D(gq — 00). However, due to limited data reliability at large ¢,
we approximate the self-diffusion coefficient by evaluating our
experimentally measured D(g) at ¢ = 0.44nm™!, which lies
just below the position of the structure factor peak, where
we infer S(g) ~ 1. The corresponding estimated lifetimes are
shown in Fig. 4D. Increasing dextran molecular weights leads to
stronger depletion-induced attraction and, consequently, longer-
lived transient ferritin complexes. The estimated lifetimes based
on the model-derived interaction potential are consistent with the
relaxation times measured directly by MHz-XPCS. In particular,
for dextran 500 at low ¢, the correlation functions do not fully
decay within the accessible time window (87 Appendix, Fig. S10),
indicating rather slow fluctuations associated with the IRO.
We note, however, that the relaxation times are g-dependent
collective quantities reflecting the decay of density fluctuations,
related to the characteristic escape time 7] only indirectly, as the
transient associations suppress D(g) in the relevant g-range and
thereby increase the measured relaxation times.

This observation carries important implications for biological
systems. Although macromolecular crowding is generally asso-
ciated with reduced association rate constants due to slowed
diffusion, this effect can be offset by enhanced intermolecular
attraction—such as depletion-induced forces—which can accel-
erate binding (98-100). The pronounced increase in attractive
interactions observed here under crowded conditions may there-
fore strongly influence protein—protein association dynamics,
including processes such as enzymatic catalysis and cytokine-
mediated immune signaling (101). Because both the strength of
attraction and the lifetimes of associated complexes scale with
crowder molecular weight and concentration, our findings may
help reconcile the diverse and sometimes contradictory effects of
crowding reported in the literature (102, 103).

Self-Diffusion Is Strongly Influenced by Micro- and Macro-
scopic Viscosity Variations Arising from Depletion Effects. To
assess the impact of crowders on single-protein diffusion, the
microscopic self-diffusion coefficient of ferritin approximated
from experimental XPCS data, D(g = 0.44 nm™!, ¢), was
compared with the macroscopic diffusion coefficient Dsg (cqr).
The latter was calculated using the Stokes—Einstein equation,
based on the experimentally determined bulk viscosities of the
crowder solutions and the hydrodynamic radius of ferritin. The
concentration dependence of Dsg(c) is shown in Fig. 5B and
exhibits a pronounced dependence on crowder molecular weight,
reflecting the strong influence of polymer size on macroscopic
viscosity. In contrast, the microscopic self-diffusion coefficient
D(g = 0.44 nm™!, ¢;) exhibits no pronounced molecular
weight dependence (Fig. 54). This disparity indicates that, under
crowded conditions, local polymer architecture and short-range
interactions—rather than overall chain length that governs bulk
viscosity—play a dominant role in regulating protein mobility
on microscopic length scales.

To further probe the discrepancy between D(q =
0.44 nm~', ¢;) and Dsg(c), we analyzed their ratio as a
function of the normalized crowder concentration ¢/c* (Fig. 5C).
This representation allows us to assign the observed effects to
specific crowder concentration regimes, independent of crow-
der molecular weight and architecture. The results show that
D(g = 0.44 nm~')/Dsg does not scale with bulk viscosity

and instead exhibits a nonmonotonic concentration dependence,
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Fig. 5. Polysaccharide concentration and depletion effects on ferritin self-diffusion. (4) D(g = 0.44 nm~") as an approximation for the microscopic self-
diffusion coefficient, and (B) macroscopic Stokes-Einstein self-diffusion coefficient Dgg as a function of crowder concentration ccr. Error bars, obtained from
error propagation of D(q) fits and viscosity uncertainties, are smaller than symbols when not visible. (C) Ratio of microscopic to macroscopic self-diffusion
coefficients as a function of polysaccharide concentration ¢y, 50, Normalized by overlap concentration value c*, whereas the ratio for sucrose is shown
separately at the top as a function of sucrose concentration. The Inset highlights the two smaller dextrans and Ficoll. Error bars result from error propagation.
(D) Correlation length &(ccr) of crowder solutions obtained by fitting SAXS intensities of pure crowder solutions with Eq. 4, dashed lines serve as visual guide. The
Inset shows example SAXS data for dextran 100. (E) Depletion layer thickness s calculated using S/ Appendix, Eq. S11. (F) Ratio of macroscopic to microscopic
viscosity as a function of normalized crowder concentration (ccr/c*). Microscopic viscosity values were calculated using S/ Appendix, Eq. S12. The Inset again

focuses on the two smaller dextrans and Ficoll.

with an initial decrease followed by an upturn for ¢/c* > 2.
According to Table 1, ¢** = 2.5 to 3.5 ¢*, indicating that this
turning point coincides with the transition to the concentrated
regime. The Inser highlights the ratio for Ficoll and dextran
40/100, showing only modest variations. The upturn appears
reproducibly for all dextrans but not for Ficoll, possibly because
the explored concentration range for Ficoll did not exceed 2¢*, or
because entanglements are absent in highly concentrated Ficoll
solutions. At high crowder concentrations, D(q = 0.44 nm™1!)
of dextran 500 exceeds the prediction of Dsg(cy) by up to a
factor of eight, highlighting a pronounced decoupling between
microscopic and macroscopic transport in high-My polymer-
crowded environments.

The Upper panel of Fig. 5C displays the concentration-
dependent ratio of microscopic to macroscopic self-diffusion
for sucrose, evaluated using the experimental D(gq) at the
largest reliable g-value at 20.35 nm™!. The macroscopic dif-
fusion coefficient Dsg was calculated using literature values for
the viscosity at the corresponding temperature (104). Within
experimental uncertainties, this ratio remains nearly constant
and slightly below unity over the entire concentration range.
We attribute this systematic offset to the evaluation of Dmjicro
at a g-value near the structure-factor peak in this purely
repulsive system, where D(g) is suppressed; extrapolation to
the true ¢ — 00 limit would likely shift the ratio closer
to unity.

8of 12 https://doi.org/10.1073/pnas.2524733123

Although the decrease-to-increase crossover in the diffusion
ratio is not sharply defined in every individual dataset, a
consistent qualitative change is observed for polymeric crowders
around ¢ & 2¢*. This crossover behavior is absent for sucrose,
highlighting the distinct role of polymer overlap and depletion
effects in regulating protein self-diffusion on the microscopic
scale.

To elucidate the origin of this behavior, we determined
key parameters relevant to protein-polymer solutions. In the
semidilute regime (¢ > ¢*, see Table 1) the correlation length
& replaces the polymer’s radius of gyration as the characteristic
structural length scale governing the depletion layer thickness
(105). & defines the distance beyond which polymer—polymer
interactions are screened by neighboring chains and was extracted
by fitting measured SAXS curves of pure crowder solutions using
an Ornstein-Zernike-like function (105-107):

Iq) = —%3 (4]

where & and & are fitting parameters. The extracted correlation
lengths are shown in Fig. 5D. The Inset provides the experimental
SAXS curves alongside corresponding fits following Eq. 4 for
dextran 100. Since the correlation length defines the depletion
layer thickness &; in the semidilute regime, this parameter was
calculated based on our determined & following the approaches
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outlined in refs. 99 and 108-110. The corresponding equations
are provided in SI Appendix. Theoretically estimated & values
as a function of normalized crowder concentration (c../c*) are
shown in Fig. 5E. Following the approach of Tuinier et al.
(111-114), the viscosity reduction within the depletion layer,
caused by the locally reduced macromolecule concentration and
hereafter referred to as the microscopic viscosity (fmicro)> Was
determined from the measured macroscopic viscosity (Hmacro)» the
solvent viscosity, and 8. Details of this calculation are provided
in SI Appendix. The concentration dependence of both viscosity
parameters is shown in S/ Appendix, Fig. S11.

The resulting concentration-dependent ratio #macro/#micro is
shown in Fig. 5F, exhibiting a qualitatively similar tendency with
a decrease at intermediate concentrations followed by an increase
at concentrations around ¢ > 2 ¢*.

This analysis indicates that the nonmonotonic behavior reflects
an interplay between microscopic and macroscopic viscosities
mediated by depletion effects. Within the depletion layer sur-
rounding the protein, from which macromolecules are excluded,
the local microscopic viscosity (fimicro) is reduced relative to
the bulk. At low crowder concentrations, the comparatively
thick depletion layer facilitates faster self-diffusion of ferritin.
With increasing crowder concentration, the polymer correla-
tion length & decreases and the depletion layer progressively
shrinks (Fig. 5 D and E). This increasingly constrains protein
motion and results in a pronounced decrease of the microscopic
protein diffusion coefficient D(¢ = 0.44 nm™!), which be-
comes increasingly dominated by the rising macroscopic bulk
viscosity.

Above ~2 to 3 ¢*, the system enters the concentrated regime,
where further increases in concentration primarily raise polymer
density rather than extending the correlation range. Conse-
quently, the depletion-layer thickness approaches an asymptotic
limit (Fig. 5F), while the macroscopic viscosity continues
to rise steeply. As a result, Dsg(cc) decreases more rapidly,
producing the observed upturn in D(g = 0.44 nm™!)/Ds.
Dextran 500 reaches this regime at lower ¢/c*, consistent with a
stronger, entanglement-driven rise in macroscopic viscosity over
the probed range. In contrast, sucrose shows no comparable
crossover, consistent with the absence of depletion interactions
on nanoscopic length scales.

It should be noted that most of the data lie in the regime
2R > &, where microscopic diffusion is expected to remain
close to the macroscopic Stokes—Einstein value. This likely
explains why the absolute deviations observed in Fig. 5C remain
relatively modest, while still being physically meaningful rather
than trivial. At the same time, the absolute values shown in
Fig. 5F differ by a factor of two or more from the experimental
values in Fig. 5C, indicating that additional mechanisms beyond
a simple depletion-layer picture must contribute to the observed
behavior.

Enhanced nanoparticle diffusion in macromolecular crowder
solutions is well documented and has been attributed to the
fact that nanoparticles probe the local polymer structure rather
than the bulk rheological properties of the solution (39). We
therefore hypothesize that our experiments capture a combi-
nation of this established enhancement mechanism together
with the influence of a nanoscopic depletion layer, resulting in
the observed nonmonotonic concentration dependence. These
effects are revealed by the high sensitivity of XPCS to molecular-
scale dynamics, which enables us to resolve contributions from
local structural features that are less accessible with conventional
optical techniques.

PNAS 2026 Vol. 123 No. 31 e2524733123

Discussion

This study demonstrates that different types of crowder molecules
induce distinct effects on protein dynamics. For ferritin, su-
crose primarily preserves repulsive protein—protein interactions,
whereas polysaccharide crowders introduce additional short-
range attractions via depletion interactions, a well-established
feature of protein-polymer mixtures. These attractions drive the
emergence of IRO in ferritin-polysaccharide solutions, a universal
effect observed for both dextran and Ficoll. Our results thus
provide experimental validation of the simulation results by
Riest et al. (40), which predicted that systems with short-range
attraction combined with long-range repulsion exhibit unusual
collective diffusion and hydrodynamic behavior, characterized by
alow-¢ IRO in S(g).

Despite their distinct conformations in solution—Ficoll form-
ing compact, highly branched coils and dextran adopting more
flexible, extended structures (20, 52)—short-range attraction
consistently emerged. Increasing the molecular weight of dextran
enhances these attractive interactions, giving rise to more stable
and longer-lived ferritin complexes. This observation underscores
that even variations in molecular weight within a single class of
crowders can substantially modify crowding-induced effects on
protein dynamics.

Self-diffusion measurements on both macroscopic and mi-
croscopic scales revealed pronounced differences, with the ratio
of microscopic to macroscopic diffusion coefficients displaying
a nonmonotonic dependence on crowder concentration. This
behavior arises from the interplay between local depletion effects
and bulk viscosity: At low concentrations, the shrinking depletion
layer reduces self-diffusion, whereas beyond the semidilute
regime, the steep increase in macroscopic viscosity becomes dom-
inant. Normalization by the overlap concentration ¢* produced
a universal scaling behavior, with a turning point around 2¢*,
beyond which macroscopic viscosity overrides depletion-induced
mobility enhancements.

Our investigation of ferritin under crowded conditions
demonstrates that nanoscale protein dynamics are strongly
shaped by: i) the interplay between proteins and crowders, includ-
ing depletion interactions, ii) crowder type (e.g., small spheres
vs. polymers) and its concentration as well as concentration-
dependent structure, and iii) the crowder molecular weight. As a
result, even commonly used crowding agents can induce nontriv-
ial and system-specific behaviors, emphasizing the multifaceted
nature of crowding. These insights provide a framework for
reconciling the diverse and sometimes contradictory reports on
protein behavior under crowded conditions, including enzymatic
activity and protein association (16-19, 115-120).

Ultimately, this work highlights the necessity of integrating
polymer physics and depletion theory alongside excluded volume
effects into models of crowded environments, as these factors not
only govern structural organization but also influence protein
dynamics.

Materials and Methods

Sample Preparation. Ferritin was purchased from Sigma Aldrich and corre-
sponds to ferritin from equine spleen in saline solution (CAS: 9007-73-2) with
an initial protein concentration of ¢ = 71 mg/ml. To increase the protein
concentration, 8 ml of this solution was centrifuged at 5,000 g and 1.5 ml at
10,000 g for 15 min using 30 kDa Milliporefilters. Using SAXS calibration curves
of ferritin solutions of known concentration, the resulting ferritin concentration
was determined to be 110 mg/ml and 265 mg/ml.

https://doi.org/10.1073/pnas.2524733123
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Stock solutions of dextran 40, dextran 100, and dextran 500 (Roth, CAS: Data, Materials, and Software Availability. Data recorded at the European
9004-54-0) were prepared in concentrations of 20, 40, 43.75, and 50%w/w XFEL are available at DOIs: 10.22003/XFEL.EU-DATA-003348-00 (129) and
as well as of Ficoll®400 (Sigma Aldrich, CAS: 26873-85-8) and sucrose (Sigma  10.22003/XFEL.EU-DATA-005397-00(130). Data collected at DELTA are available
Aldrich, CAS: 57-50-1)in concentrations of 20, 40, 50, and 60%w/w by dissolving at DOI: 10.5281/zen0d0.21222886 (131).
them in 103 mM saline solution with a pH value of 7.

To obtain a final dextran concentration of 35%w/w in the sample, the 265
mg/ml ferritin solution was mixed with the 43.75%w/w dextran stock in a 20%:
80% volume ratio. All the other stock solutions were mixed 50%: 50% with the
110 mg/ml ferritin solution. The resulting crowder concentrations in the sample
are therefore 10, 20, 25, and 35%w/w using dextran as a crowder and 10, 20,
25, and 30%w/w using sucrose and Ficoll as crowders. The ferritin concentration
remains constant at approx. 55 mg/ml. The solutions were filled into quartz
capillaries with an outer diameter of 1.5 mm and a wall thickness of 10 um.
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