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Abstract

Macromolecular crowding plays a crucial role in modulating protein dynamics in cellular and
in vitro environments. While traditionally attributed to excluded volume effects, many com-
monly used polymeric crowders — such as dextran and Ficoll - induce additional entropic
forces, including depletion interactions, that influence protein behavior on nanometer length
scales. Using Megahertz X-ray photon correlation spectroscopy (MHz-XPCS) at the European
XFEL, we investigated the nanoscale dynamics of ferritin in solutions of sucrose, dextran, and
Ficoll. Our measurements reveal that polysaccharide crowders induce short-range attractions
and intermediate-range order (IRO) beyond the polymer overlap concentration ¢*, driven by
depletion effects that vary with crowder type and molecular weight. These IRO features fluc-
tuate on microsecond to millisecond timescales enhancing protein assembly. By normalizing
concentration to c¢*, we observe a scaling trend with a crossover near 2¢*, marking a shift from
depletion-enhanced mobility to viscosity-dominated slowing. Our results challenge the assump-
tion that polymeric crowders act as inert background agents, demonstrating instead that their
structural properties and concentration regimes critically influence protein dynamics. This study
highlights the need to incorporate polymer physics and depletion theory into models of crowded

environments, where even standard crowders exhibit system-specific, nontrivial effects.

Significance statement

Understanding how proteins move and interact in crowded environments is essential for unrav-
eling the physical basis of cellular processes. While polymer-based crowders like dextran and
Ficoll are widely used to mimic intracellular crowding, they are often treated as inert background
agents. Our study challenges this assumption by showing that these crowders actively modulate
protein dynamics through depletion interactions and the formation of transient nanoscale struc-
tures. Using MHz-XPCS at the European XFEL, we uncover how polymer concentration and
molecular weight reshape protein diffusion and organization. These findings highlight the need
to move beyond simplistic crowding models and incorporate concepts from polymer physics to

more accurately describe biomolecular behavior in complex environments.

Introduction

Macromolecular crowding is a defining feature of the cellular environment [1], where high con-
centrations of macromolecules significantly influence protein dynamics [2-H4], a key factor in
processes such as molecular transport, signal transduction, and enzymatic activity [5-7]. Tra-
ditionally, crowding effects have been attributed to excluded volume interactions, especially
when crowders are modeled as hard spheres [1] [8H12]. However, many commonly used “in-
ert” crowders — such as dextran, Ficoll, or polyethylene glycol (PEG) — are flexible polymers
whose influence extends beyond steric hindrance [13-15]. In these systems, entropic interactions,
polymer overlap and network structures with their associated correlation lengths become key
descriptors [16-19).

A well-known outcome of such entropic interactions is depletion attraction, where non-adsor-



bing polymers generate effective forces that promote protein association [20-22]. These interac-
tions can lead to reversible aggregation, conformational shifts, and liquid—liquid phase separation
(LLPS) into protein-rich and protein-poor phases, a mechanism increasingly linked to the for-
mation of membraneless organelles [23-30]. However, even before bulk phase separation occurs,
proteins can form clusters and intermediate-range order (IRO) on nanometer length scales, gov-
erned by a balance of short-range attractions and long-range repulsions [31},32].

Such crowder driven structural organization also profoundly impacts protein dynamics [33].
In polymeric solutions, proteins frequently exhibit anomalous diffusion, characterized by nonlin-
ear mean squared displacements that are well-described by models such as fractional Brownian
motion (fBM), capturing the viscoelastic constraints imposed by the surrounding polymer net-
work [34-38]. Crowding also modulates biochemical reactions, either by hindering diffusion or
by enhancing complex formation through entropic and enthalpic attractive interactions [39-45].
These effects occur on the nanoscale, making it essential to understand the local structure, single-
particle diffusion, and collective dynamics at nanometer length scales. In terms of timescales,
these processes unfold over the microsecond to millisecond range, a regime ideally suited for
investigation using megahertz X-ray photon correlation spectroscopy (MHz-XPCS).

To probe nanoscale crowding effects, we employed MHz-XPCS at the European XFEL to
measure ferritin dynamics in solutions of sucrose, dextran, and Ficoll. Increasing crowder con-
centration significantly alters collective diffusion, indicating transient intermediate-range order
(IRO) driven by depletion-enhanced attractions. This structural order decays on microsecond
to millisecond timescales and coincides with reduced hydrodynamic interactions. Our measure-
ments enable quantification of depletion strengths, even for nominally inert crowders, and allow
estimation of protein cluster lifetimes. Ferritin self-diffusion exhibits a non-monotonic depen-
dence on crowder concentration, linked to the polymer overlap concentration and depletion layer
thickness. These deviations from expected scaling — similar to those observed for nanoparticles
in PEG solutions [46] — underscore the importance of nanoscale effects that remain invisible to
bulk measurements.

These insights point towards the profound influence of macromolecular crowding on protein
dynamics through modifications to interaction potentials and local structure. In this context,
the long-standing assumption that synthetic polymer crowders act as inert, non-interacting
background agents needs to be re-evaluated. Crowders such as dextran and Ficoll, often consid-
ered passive, may in fact contribute to emergent structure formation and alter local interaction
landscapes.

Our findings motivate a more detailed view of macromolecular crowding using polymers —
one that integrates depletion interactions, polymer network structure, and transient nanoscale

order as key contributors to protein mobility and phase behavior in complex environments.

Results

XPCS as a tool to probe the nanoscale impact of crowding on protein dynamics. We
investigate the effects of standard crowders on protein dynamics via MHz-XPCS experiments
at the Materials Imaging and Dynamics (MID) instrument of European XFEL. The technique

enables direct measurement of collective and self-diffusion at nanoscopic length scales and mi-



crosecond timescales, even in highly concentrated solutions. Additionally, XPCS provides also
access to the hydrodynamic function, aiding in the study of long-range many-body interactions
mediated by the solvent. These capabilities make MHz-XPCS a powerful tool for investigating
molecular crowding effects. Its application for measuring protein dynamics has been successfully
demonstrated by Reiser et al. [47], Girelli et al. [48] and DasAnthuparambil et al. .

Modeling a crowded environment utilizing standard crowding agents. In this study,
we used the protein ferritin, dissolved in 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(III) atoms [49,50], thus fulfilling its primary function in iron storage [51]. Due to its
high monodispersity and stability over a broad range of pH and temperature conditions, ferritin
is also widely used in vaccine development [52] and drug delivery applications [53}54]. These
attributes, combined with the strong X-ray scattering contrast provided by its iron-rich core,
make ferritin an ideal globular model protein for X-ray scattering studies under concentrated
and crowded conditions. Several standard crowding agents of varying molecular sizes were used,
including the nanocrowder sucrose (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).

Accessing protein dynamics by extracting intensity autocorrelation functions.
Samples were loaded into quartz-glass capillaries, sealed with epoxy glue, and examined using
MHz-XPCS at the Materials Imaging and Dynamics (MID) instrument [55]. The experimen-
tal setup is illustrated in Fig. [Il We report results from two experimental campaigns utilizing
photon energies of 9 and 10 keV and beam sizes of 14.5 and 13 pnm, respectively. X-ray pulse
trains containing 200 respective 310 pulses with a spacing of 440 and 222 ns interacted with the
sample, and pulse-resolved scattering patterns were recorded by the Adaptive Gain Integrating
Pixel Detector (AGIPD), positioned 7.15 m and 7.68 m from the sample. This configuration
provided access to wavevectors in the range ¢ = 0.1 — 0.6 nm ™! as well as 0.075 — 0.6 nm~! and
enabled measurements on time scales 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 at-
tenuated by an absorber transmission of 0.02%, and the sample volume was refreshed for each
pulse train. As a result, the X-ray dose and dose rate remained below established damage
thresholds as demonstrated in [48][Nimmi]. Statistically robust results were obtained by av-
eraging scattering patterns and autocorrelation functions from thousands of distinct positions
along each capillary. In addition to the MHz-XPCS experiments, complementary small-angle
X-ray scattering (SAXS) measurements were performed at the DELTA synchrotron facility at
TU Dortmund [56].

The collected scattering signal is dominated by the contribution of ferritin, whose scattering
intensity is approximately two orders of magnitude higher than that of the corresponding pure
crowder solutions (SI Appendiz, Fig. Protein dynamics were analyzed by calculating inten-
sity autocorrelation functions, g2(q,t), from the temporal intensity fluctuations of the speckle
patterns recorded within a single X-ray pulse train. Figl[I[B presents an example of the resulting
g-dependent go(q,t)-functions, where g refers to the momentum transfer as ¢ = 47/ sin(26/2)
with 20 denoting the scattering angle. The ga(q,t)-functions were collected at room temperature

using a constant ferritin concentration of 55 mg/ml and varying crowder concentrations of 10



up to 40 %w/w. The solid lines represent a stretched exponential fit, described by [57]:

92(q,t) = 1+ B(q) exp[—2 (['(q) t)*] (1)

where (q) denotes the g-dependent speckle contrast, which was modeled as described in [58,59].
I'(q) represents the g-dependent relaxation rate, and « corresponds to the Kohlrausch-Williams-
Watts (KWW) exponent. All correlation functions were well described using a Kohlrausch-
Williams-Watts (KWW) exponent of 0.9. This value reflects slightly sub-diffusive behavior,
consistent with previous observations for the diffusion of nanoparticles, proteins, and fluorescent
tracers in solutions containing soft polymers [60-62]. More details on extracting the go(q,t)-
function can be found in the Methods section.

Fig shows the go(t)-functions of ferritin in dextran40 solutions at varying concentrations,
revealing slower dynamics with increasing crowder concentration due to reduced macromolec-
ular mobility caused by the increasing excluded volume for ferritin. Fig[I[D compares ferritin
dynamics in solutions with different crowders at 20 %w/w. Ferritin in sucrose solutions exhibits
significantly faster dynamics than in polysaccharide-based solutions. This difference is attributed
to overlapping polymer chains in polysaccharides which increase the solution viscosity, further
restricting protein mobility.

Collective protein dynamics in sucrose solution exhibits repulsive behavior. In
crowded solutions with high particle concentrations, protein dynamics are influenced by both
direct protein-protein interactions and indirect hydrodynamic interactions mediated by the sol-
vent [64]. These interactions lead to a wavevector-dependent collective diffusion coefficient,
D(q), that is related to the static structure factor S(q), the hydrodynamic function H(q), and
the diffusion coefficient at infinite dilution Dy as [65]

H(q)

D(o) = Do- 5 5. (2)
The structure factor, S(g), which reflects static interparticle correlations, is commonly deter-
mined in SAXS experiments by dividing the scattering intensity of a concentrated solution by
that of a dilute one, thereby isolating interparticle effects from the single-particle form fac-
tor. However, in binary solutions where the two components exhibit concentration dependent
scattering signatures due to changes in polymer correlation lengths and electron density con-
trast, a direct extraction of S(q) corresponding solely to ferritin—ferritin interactions becomes
challenging. In such systems, the experimentally accessible diffusion coefficient D(q) provides
an alternative means of investigation, as it is inversely related to S(gq) following Eq. [66].
The diffusion coefficient D(q) is extracted from exponential fits to the intensity autocorrelation
functions, g2, using the relation D(q) = I'(¢)/¢*>. As shown in Fig. , the D(q) of ferritin in
sucrose solution decreases with increasing ¢ until reaching a minimum at typical values of the
maximum of structure factors characteristic of repulsive behavior. This observation is consistent
with recent measurements of the collective ferritin diffusion in aqueous solutions [48].

Depletion-induced IRO in polysaccharide solutions affects collective protein dy-
namics.

The collective dynamics of ferritin in polysaccharide solutions are presented in Fig. 2B-E.
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Fig. 1. MHz-XPCS data collection at MID instrument of European XFEL. (A) Schematic representation
of the experimental setup. Ferritin solutions with a fixed ferritin concentration of 55 mg/ml and varying
types and concentrations of crowder molecules are filled in quartz capillaries. Coherent and pulsed X-
rays illuminate the protein solution, generating speckle patterns recorded by the adaptive gain integrated
pixel detector (AGIPD). A new train is delivered every 100 ms, with pulse spacings between 440 ns
and 220 ns. The intensity fluctuations within a train are analyzed to extract dynamic information by
calculating intensity autocorrelation functions (g2(t)). To ensure sufficient scattering contrast, go(t)-
functions are averaged over approximately 12.000 trains. (B) g-dependent go(t)-functions for ferritin in
a 25 %w/w dextran40 solution. (C) ga(t)-functions at a fixed g-value of 0.21 nm~! for various dextran40
concentrations ranging from 10 to 40 %w/w. (D) g2(t)-functions at the same g-value for different crowder
molecules: dextran500, dextran100, dextran40, Ficoll400, and sucrose. Solid lines represent exponential
fits based on Eq. [I] The calculation of the errorbars is described in Methods. Schematic of ferritin
molecules was taken from PDB ID:2w0o .

Similar to ferritin in sucrose the pronounced minimum in the g-range of 0.54 — 0.57 nm™!

corresponds to the typical ferritin monomer-monomer peak position of the static structure factor.
However, in contrast to sucrose solutions, increasing the concentration of polymeric crowders
leads to the emergence of a second minimum at lower g-values. This results in a deviation from
the typical monotonic decrease in D(q) characteristic of repulsive systems (dotted line in Fig.
). Such behavior indicates the presence of short-range attractive interactions superimposed
on long-range repulsion, consistent with the development of intermediate-range order (IRO).
IRO is characterized by spatial correlations over intermediate length scales — typically 2-3
protein diameters — arising from competing interactions rather than stable aggregation or
clustering . In such weakly correlated systems, the size distribution is dominated by
monomeric ferritin, with only a minor fraction forming transient complexes. These complexes

are defined by short-lived associations, where proteins dynamically exchange between monomeric
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Fig. 2. Extracted g-dependent collective diffusion coefficients D(q) = I'(q)/q? of ferritin in crowded
solutions. D(q) of ferritin in solution with 10, 20 and 30 %w/w (A) sucrose and (B) Ficoll400 as well
as with 10, 20 and 35 %w/w (C) dextran40, (D) dextranl100 and (E) dextran500. The dashed lines
represent the calculated D(q) based on (A) a single-Yukawa and (B) - (E) a two-Yukawa potential as
further described in Methods. Errorbars are calculated from go-fits using least-squares minimization.

and associated states . As a result, the IRO remains dynamic, with structural fluctuations
occurring on the microsecond timescale, as revealed by our XPCS measurements.

Nevertheless, this intermediate range structural organization reduces protein mobility at the
corresponding length scale as evidenced by the comparison with a repulsive interaction only (Fig.
). TRO has been observed in concentrated lysozyme and monoclonal antibody (mAb)
solutions , where enhanced attractive interactions arise from increased protein concentrations
or specific inter-protein interactions.

In systems containing polymer-like crowders, depletion interactions provide a well-established
mechanism for short-range attraction. As polymers lose configurational entropy near colloidal
surfaces, polymer-depleted regions form around the particles . When these regions over-
lap, the excluded volume inaccessible to the polymers is reduced, increasing the system’s entropy
and inducing an effective attractive force between colloids that promotes IRO formation. Our
results clearly demonstrate that such depletion-induced interactions can significantly influence
collective protein dynamics, highlighting that crowding effects extend beyond simple excluded
volume constraints.

Occurrence of TRO is connected to overlap concentration of polysaccharides. The



transition from a simple decline in D(q) to the emergence of a second minimum occurs when
the polymer overlap concentration ¢* is exceeded, as observed for dextran40 (¢*= 12.75 %w/w,
Fig. ) This value was determined via macroscopic viscosity measurements (SI Appendiz,
Table . The overlap concentration ¢* marks the onset of the semi-dilute regime, in which the
correlation length £ replaces the polymer’s radius of gyration as the key structural length scale.
& defines the distance beyond which polymer—polymer interactions are screened by neighboring
chains, and thus governs the depletion layer thickness and the strength of the depletion-induced
attraction. As polymer concentration increases, the correlation length decreases (see Fig. ),
suggesting that an optimal size ratio for depletion interaction is achieved only when cpoy > c*.
This highlights the critical role of concentration-dependent polymer structure in modulating
nanoscale collective protein dynamics.

Extracting structural and hydrodynamic information from protein dynamics. The
dashed lines in Fig represent modeled D(q) curves based on Eq. As direct direct experi-
mental access to S(q) is not easily feasible in these binary mixtures, S(q) was instead computed
from the underlying particle-particle interaction potentials, as described in the Methods section.
To capture both the short-range attraction and long-range repulsion present in polysaccharide-
containing solutions, a two-Yukawa potential was employed - a model commonly used to describe
systems exhibiting IRO [69]. The reduced potential has the form [71]:

Ul(zx) -K; eleT(rq) — K, 207D o> 1

= " (3)
ky T 00 for0<r<1

where Z;= 1/scl; denotes the inverse screening length, K; the potential strength in k7T and r
is scaled to yield a hardcore diameter of 1. For sucrose solutions, in which repulsive interactions
dominate, a single-Yukawa potential was used by setting K; = 0 in Eq. [3|and the hydrodynamic
function was calculated based on the - expansion of Benakker and Mazur [72,/73] (see Methods
for details). By optimizing the potential parameters and the free diffusion coefficient Dy, an
empirical model for D(q) was obtained. The corresponding interaction potentials are shown in
SI Appendiz, FiglS2] and the fitted parameters are listed in Table

Despite the empirical nature of the models and the simplicity of the assumed potentials,
the calculated D(q) shows remarkable agreement with the experimental data. The modeled
structure factor S(g) for ferritin in dextran100 solutions (Fig[3]A) exhibits a pronounced low-
q peak, characteristic of IRO. Although a proper extraction of the pure ferritin—ferritin S(q)
from SAXS is not possible (as discussed earlier), an effective structure factor—including cross-
correlations—can be obtained by dividing the background-subtracted SAXS intensity of a con-
centrated ferritin—crowder solution by that of a dilute solution with the same crowder concen-
tration (Fig[3[C). The observed increase in scattering intensity at low ¢ in the experimental data
further supports the presence of IRO.

Depletion attraction scales with crowder concentration and molecular weight.
The concentration-dependent structure factor S(q) (Figf3A) and hydrodynamic function H(q)
(Fig3B) for ferritin in dextran100 solutions both reveal that the IRO becomes increasingly pro-
nounced with rising concentration. Since H(q) = 1 corresponds to the absence of hydrodynamic

interactions, the observed increase in H(q) at intermediate g-values suggests a weakening of
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Fig. 3. Effects of concentration and molecular weight on the structure formation due to IRO.
Results of the modeled (A) S(g) and (B) H(q) based on a two-Yukawa potential for ferritin in
solution with 10, 20, 25 and 35 %w/w dextran100. (C) Experimentally measured small angle X-
ray scattering (SAXS) intensity of 55 mg/ml ferritin in solution with 10, 20 and 25 %w/w dextran
divided by SAXS intensity of 5 mg/ml ferritin in solution with the same dextran concentration. (D)
H (q) for all crowders at a concentration of 25 %w/w, illustrating the pronounced effect of increasing
attractive interactions on sedimentation velocity, in contrast to the predominantly repulsive sucrose
solution. (E) Attractive potential strength parameter K7, and (F) lifetime of complexes formed via
IRO, as a function of crowder concentration in polysaccharide systems. Both figures reveal a strong
dependence on molecular weight, with higher molecular weight dextrans exhibiting significantly
enhanced attractive interactions and correspondingly longer complex lifetimes.

hydrodynamic hindrance associated with the formation of IRO. This close connection between
S(q) and H(q) is well known and reflects the reduced hydrodynamic drag in systems where
correlated particle motion leads to more coherent flow patterns and less mutual interference.
The hydrodynamic function also provides insight into sedimentation coefficient, as H(q — 0) =
K = Vieq/ Vo with Vieq denoting the mean sedimentation velocity in a concentrated dispersion
and Vj the single-particle sedimentation velocity . Sedimentation is a key contributor to mass
transport and thus plays a critical role in the efficient distribution of biomolecules within cells
as well as in modulating phase separation. Figure shows H (q) for ferritin in 25 %w/w
solutions of various crowders. The sedimentation coefficient K is low in solutions dominated
by repulsive interactions, such as sucrose, and increases in the presence of polysaccharides like
dextran500, which induce short-range attractive interactions. This enhanced sedimentation
coefficient in systems with short-range attraction suggests that macromolecular crowding by
polysaccharides can promote more efficient transport processes and facilitate phase separation.
The observed dependence of structure and dynamics on both molecular weight and crowder
concentration is correlated with an enhanced depletion attraction, as evidenced by the grow-

ing attractive potential strength parameter K1, shown in Fig[BE, and the increasing interaction



potential depth (ST Appendiz, Fig. . Theoretical calculations of the attractive interaction po-
tential arising from depletion effects based on [77[78] are consistent with the shown experimental
trends. Following the approach of [79], the potentials allow for an approximate estimation of
the lifetimes of protein complexes stabilized via IRO, by considering the characteristic escape

time of two particles from a potential well. The lifetime 7;, adapted from Kramer’s theory, is

A2 -U
T = 6GXP (ka> (4)

where A ~ 0.10, with o = 11.8 nm corresponding to the ferritin diameter [80], D is the diffusion

approximated as:

coefficient, and U denotes the potential depth in units k7. The resulting estimates based on
our potential parameters are depicted in Fig. [JF. Higher dextran molecular weights lead to
stronger depletion attraction and thus longer complex lifetimes. We note that the lifetimes are
consistent with the relaxation times measured via MHz-XPCS. In particular for dextran500 at
low ¢, the correlation functions do not fully decay within the available time window, indicating
rather slow fluctuations of the IRO.

This observation may have significant implications for biological systems. While macromolec-
ular crowding is generally known to reduce association rate constants by slowing diffusion, this
effect can be counterbalanced by increased intermolecular attraction — such as that arising
from depletion interactions — which can enhance binding rates [81-483]. The pronounced in-
crease in attractive interactions observed under crowded conditions in our system could thus
have a strong impact on protein—protein association dynamics including enzymatic catalysis
and immune signaling via cytokines [84]. Since both the strength of attraction and the asso-
ciated complex lifetimes scale with crowder molecular weight and concentration, these findings
may help explain the variable, and at times contradictory effects of crowding reported in the
literature [85.(86].

Self-diffusion is closely linked to variations of micro- and macroscopic viscosity
arising from depletion effects. To investigate the impact of the standard crowders on single-
protein diffusion, the microscopic self-diffusion coefficient is derived from the hydrodynamic
function H(q) in the high-¢ region, where H(q — o0) = %. Both H(q — o0) and Dy were
obtained by modelling the measured D(q). The concentration dependence of Dg is shown in
Fig. A, revealing a largely molecular weight-independent behavior.

The macroscopic diffusion coefficient Dgg was calculated using the Stokes—Einstein equation,
based on the measured macroscopic viscosities of the crowder solutions and the hydrodynamic
radius of the ferritin (R;, = 6.85 nm [87]). Unlike DY, Dgg shows a pronounced dependence
on crowder molecular weight (Fig. ), suggesting that in dense solutions, local polymer struc-
ture—rather than total chain length—dominates in regulating protein mobility.

To further explore the discrepancy between Dg and Dgpg, their ratio was plotted as a func-
tion of normalized crowder concentration c¢/c* (Fig. ) The results show that DY /Dgp does
not scale with bulk viscosity and exhibits a non-monotonic concentration dependence. Notably,
at high crowder concentrations, Dg can be up to eight times faster than predicted by Dgpg,
highlighting a clear decoupling between microscopic and macroscopic transport in crowded en-

vironments.
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In order to understand the origin of this behavior, key parameters relevant to colloid—polymer
solutions were determined. The dominant structural length scale in the semi-dilute regime, the
correlation length &, was extracted by fitting SAXS curves of pure crowder solutions using an
Ornstein-Zernike-like function [88H90]:

) = v ()

where £(c) and b are fitting parameters. The extracted correlation lengths, along with expo-
nential functions as guides to the eyes, are shown in Fig. [D. The inset provides example fits
of SAXS curves for dextran100 using Eq[5] Using the correlation length &, the depletion layer
thickness d5 was estimated via [82] [91H93]

5 5\ 2 s %)
5. = R <1 +35+2.273 <R> —0.0975 (R> ) _R. 6)

with 672 = 0y 2y €72, 8y is the depletion layer thickness in dilute solutions, approximated by
the polymer’s radius of gyration Ry (see SI Appendiz, Table . R corresponds to the radius of
gyration of ferritin. The resulting d§; values as a function of normalized crowder concentration
(Cerowder/c*) are shown in Fig. . This allows to estimate the microscopic viscosity using the
model proposed in [94]

A€
Timicro = s CZQE)\, 6; ) (7)

with the expressions for Q(\,€) and Z(\,¢€) provided in the SI Appendiz. ns is the solvent
viscosity and Mmacro the measured macroscopic viscosity. The parameters are defined as € = 65/ R
and A = 1s/Nmacro- The resulting concentration-dependent ratio Nmacro/Mmicro 1S shown in Fig.
, mirroring the trend observed for the self-diffusion constant ratio Dg /DsEk.

This analysis suggests that the observed non-monotonic behavior originates from an interplay
of microscopic and macroscopic viscosities, mediated by depletion effects. Within the depletion
layer - where macromolecules are excluded - the microviscosity is significantly reduced. At
low concentrations, the large depletion layer surrounding the protein allows thus for faster self-
diffusion. As crowder concentration increases, the correlation length £ decreases causing the
depletion layer to shrink accordingly (see Fig. & E), thereby restricting protein motion and
leading to a sharper drop in Dgl as it becomes more influenced by the rising bulk viscosity.

Beyond approximately ~ 2c¢*, the depletion layer thickness stabilizes, while the macroscopic
viscosity continues to increase steeply. This results in a more rapid decline of Dgp reversing
the earlier trend. This crossover near 2¢* was observed for all polysaccharide crowders tested
suggesting a universal behavior among these systems.

We also note that the absolute values in Fig. differ by a factor of two or more from the
experimental values in Fig. [IC, indicating that additional effects beyond the depletion layer
must be contributing. In this context, the enhanced diffusion of nanoparticles in solutions
with macromolecular crowders is well documented and has been attributed to the fact that

nanoparticles experience the local polymer structure rather than the bulk properties of the
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solution . We therefore hypothesize that our experiments capture a combination of this
known enhancement effect and the influence of the nanoscopic depletion layer leading to the
non-monotonic behavior. We attribute these observations to the high sensitivity of XPCS to
molecular-scale dynamics, which enables us to resolve the influence of structural features such

as the depletion layer that may be less accessible using conventional optical methods.
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Fig. 4. Polysaccharide concentration and depletion effects on self-diffusion of ferritin. (A) Self-
diffusion constant of ferritin on the microscopic scale (D) as a function of polysaccharide concen-
tration. Error bars result from error propagation of Dy, determined via D(q) fits. (B) Macroscopic
self-diffusion constant (Dgg) as a function of polysaccharide concentration, calculated using Stokes-
Einstein equation based on measured macroscopic viscosities of polysaccharide solutions. Error bars
correspond to the error propagation based on uncertainty of the measured viscosities. (C) Ratio of
microscopic to macroscopic self-diffusion constants as a function of crowder concentration normal-
ized by the overlap concentration c¢*. Error bars result from error propagation of Dg and Dgg.
(D) Correlation length (§) of crowder solutions as a function of crowder concentration with dashed
lines representing exponential functions as visual guides. ¢ is obtained by fitting SAXS intensities
of pure crowder solutions with an Ornstein-Zernike-like equation [5} Examplary fits for dextran100
are shown in the inset. (E) Theoretical depletion layer thickness d,, calculated based on £ and R,
using Equation [6] depending on crowder concentration normalized by ¢*. (F) Ratio of macro- to mi-
croviscosity of the crowder solution as a function of normalized crowder concentration (¢erowder/C).
Microscopic viscosity values are theoretical and derived from ng, My and ds using Equation

Discussion

This study demonstrates that different types of crowder molecules induce distinct effects on
protein dynamics. The collective dynamics of ferritin show that sucrose primarily maintains
repulsive protein—protein interactions, whereas polysaccharide crowders introduce additional
short-range attractions due to depletion interactions, a well-established phenomenon in col-
loid—polymer mixtures. These attractions lead to the formation of intermediate-range order

(IRO) in ferritin—polysaccharide solutions, a universal effect observed for both dextran and Fi-

12



coll.

Despite their distinct conformations in solution — Ficoll forming compact, highly branched
coils and dextran adopting more flexible, extended structures — short-range attraction consis-
tently emerged once the polysaccharide overlap concentration was exceeded, highlighting the
critical role of polymer concentration. Furthermore, increasing the molecular weight of dextran
enhanced these attractions, resulting in more stable and longer-lived ferritin complexes via IRO.
This underscores that even variations in molecular weight within the same crowder type can
significantly modulate crowding effects.

Self-diffusion measurements on both macroscopic and microscopic scales revealed pronounced
differences, with the ratio of microscopic to macroscopic diffusion coefficients displaying a non-
monotonic dependence on crowder concentration. This behavior reflects the interplay between
local depletion effects and bulk viscosity. Initially, the reduction in self-diffusion is attributed to
the shrinking of the depletion layer; beyond the semi-dilute regime, however, the sharp increase
in macroscopic viscosity dominates. Notably, normalizing by the overlap concentration ¢* pro-
duced a universal scaling behavior, with a turning point around 2¢*, beyond which macroscopic
viscosity overrides depletion-induced mobility enhancements.

Our investigation of both collective and self-diffusion of ferritin under crowded conditions
shows that: i) the interplay between proteins and crowders — including depletion interactions,
ii) the type of crowder (e.g., hard-sphere-like vs. polymer-like) and its concentration-dependent
structure, and iii) the crowder’s molecular weight — all strongly influence nanoscale protein
dynamics. These findings help explain the sometimes contradictory results reported in the
literature regarding protein behavior under crowded conditions, such as in enzymatic reactions
or protein association.

Ultimately, this work highlights the necessity of integrating polymer physics and depletion
theory — alongside excluded volume effects — into models of crowded environments, especially
when using polymeric crowders. Even so-called ”standard” crowders can lead to nontrivial and

system-specific behaviors, underscoring that crowding is not a one-size-fits-all phenomenon.

Materials and Methods

Sample preparation

Ferritin was purchased from Sigma Aldrich and corresponds to ferritin from equine spleen in
saline solution (CAS: 9007-73-2) with an initial protein concentration of c= 71 mg/ml. To
increase the protein concentration, 8 ml of this solution was centrifuged at 5000 g and 1.5 ml at
10000 g for 15 minutes using 30 kDa Millipore filters. 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.

Stock solutions of dextran40, dextran100 and dextran500 (Roth, CAS: 9004-54-0) were pre-
pared in concentrations of 20, 40, 43.75 and 50 %w/w as well as of Ficoll®400 (Sigma Aldrich,
CAS: 26873-85-8) and sucrose (Sigma Aldrich, CAS: 57-50-1) in concentrations of 20, 40, 50 and
60 %w/w by dissolving 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
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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 surcrose and Ficoll as crowder. 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 20 pm.

Experimental setup

Two experiments were carried out at the Material Imaging and Dynamics (MID) instrument of
European XFEL to collect the data presented. In both cases the small-angle X-ray scattering
(SAXS) configuration was used. The first experiment was performed using the pink beam with
a photon energy of 9 keV. 200 pulses per train were delivered with a repetition rate of 2.2 MHz,
which corresponds to a pulse spacing of 455 ns. For the second experiment the pink beam with
a photon energy of 10 keV and a higher repetition rate of 4.5 MHz (222 ns pulse spacing) was
available. The inter-train repetition rate was 10 Hz in both experiments. Using compound
refractive lenses (CRL), the beam was focused to 14.5 pm and 14.2 pm in diameter. Using a
scanning speed of 0.4 mm/s of the Fast-Solid-Sample Scanner ensures the refreshment of the
sample volume in between the trains, as described in [47]. The data acquisition was realized
by using the Adaptive Gain Integrating Pixel Detector (AGIPD) [95,96], which was positioned
7.15 m and 7.687 m behind the sample. With this an available g-range of 0.1 to 1 nm~' and

0.075 to 1 nm~! was gained. All measurements were performed at room temperature (25°C).

XPCS calculations

The scattering of coherent X-rays by the ferritin particles within the sample system generates a
speckle pattern that varies over time as a result of particle motion. To analyze the dynamics of
the ferritin, the fluctuating intensities measured experimentally at two distinct times, t; and to,

can be correlated. This approach employs two-time correlation functions of the form [64,/97,98|:

(£(g,t1)1 (g t2))pix
(I(q, t1)>piX<I(‘Ia t2)>pix

Clg,tr, 1) = (8)
where (...)pix indicate the average of all detector pixels within the same g-range. In the first
experiment, the g-binning was set to Ag = 0.045 nm, in the second to Ag = 0.04 nm. For a
sufficient signal to noise ratio data was collected and averaged over several thousand trains. The
intensity autocorrelation function, gs2(q,t) = (C(q,t1,t1 + t))¢,, can be extracted by performing
horizontal cuts along the ¢; axis, starting from the diagonal [99]. Based on the standard deviation
of the fluctuating contrast values of the TTC, a weighted average over trains and times is
calculated to determine the final g(g,t) function. The error bars correspond to the square root

of the inverse of the summed weights.

Modelling of S(q) and H(q)

The static structure factor S(q) is calculated based on interparticle potentials present within the
solution solving the Ornstein-Zernike equation with the mean spherical approximation closure.

This is achieved with Python-based codes provided by the program jscatter [100]. Systems
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containing short-range attraction and long-range repulsion can be described by a two-Yukawa
potential as shown in Eq. [71]. While the parameters regarding the repulsive part of the
potential were kept constant, the parameters describing the attractive part, K; and scli, were
adjusted during fitting. To describe systems with a mainly repulsive particle-particle interaction
potential, a single-Yukawa potential was used. For this purpose the attractive potential strength
parameter K was set to 0, while Ky and scly were adjusted. In both cases, the protein radius
and concentration are treated as constant parameters, with the radius of gyration of 5.9 nm [80]
and the ferritin concentration set to 0.15 mmol/l.

The hydrodynamic function H(q) was calculated applying the §y expansion from Beenakker and
Mazur |72,73]. This approach accounts for many body hydrodynamic interactions of spherical
particles in suspension using the structure factor S(g) as only input. As described in [101] the

H(q) was calculated using jscatter in accordance to the following expressions:

(q) = Hafa) + 252 o)
e Haylg) = 3/00 AR o ST (k) /1 de(1— 22)S(|g — k| — 1) (10)
0w Jy TP RE A @S (RyR) S, T T
Ds(®) = g Oosz'nc2 T x)) !
D2 =2 [ sine@) 1 +95, @) ()

where x = cos(q, k) represents the angle between the vectors ¢ and k, ® and R, correspond to

the protein volume fraction and the protein radius and S, (x) is given by [101].
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Comparison of scattering intensities

Fig shows the comparison of the background subtracted small-angle X-ray scattering (SAXS)
intensity profiles for pure ferritin (55 mg/ml), ferritin-crowder mixture, and the pure crowder
solution, using dextran100 and sucrose as representative examples. The crowder concentration
is 25 %w/w in all cases. The scattering intensities observed for the ferritin-crowder mixtures
exceed that of the pure crowder solutions by more than two orders of magnitude, showing that

the dominant contribution to the scattering in the mixtures arises from ferritin.

1075 10‘5§
§ ] — pure ferritin ; : m— pure ferritin
.é ferritin with 'E ferritin with
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Fig. S1. Background subtracted small-angle X-ray scattering (SAXS) intensities for pure ferritin,
ferritin-crowder and pure crowder solutions exemplarily for (A) dextranl00 and (B) sucrose. The
ferritin concentration is 55 mg/ml and the crowder concentration 25 %w/w in all cases.

Crowder-specific parameters

Table summarizes the relevant parameters for the polymeric crowders used in this study.
Listed are the molecular weights (M,,), the corresponding radii of gyration (R,) as reported
in [13,]102], and the overlap concentrations (¢*). For the dextrans, ¢* was determined by macro-
scopic viscosity measurements using a rotational viscometer, while for Ficoll, the overlap con-

centration was adopted from [103].

crowder | M, (g/mol) | R, (nm) | ¢* (%ow/w)
Ficoll 400 000 11.07 17
dextran4( 40 000 6.2 12.75
dextran100 100 000 9.5 9.42
dextran500 500 000 20 4.97

Table S1. Overview of the molecular weights (M,,), radii of gyration (R4) and overlap concentra-
tions (¢*) for the used polymeric crowder molecules dextran and Ficoll.

Interaction potentials derived from D(q) analysis

The single-Yukawa and two-Yukawa potentials V' (r) used for modeling the D(q) of ferritin are
displayed in Fig[S2] for all crowder solutions. The parameters used to compute these potentials
are provided in Table As the parameters of the single-Yukawa potential applied to sucrose
solutions remain constant for all crowder concentrations and only Dy is adjusted, the potential
shown in Fig. E) does not vary with concentration.
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Fig. S2. Resulting two-Yukawa and single-Yukawa interaction potentials V'(r) of ferritin particles
in solution with (A) dextran40, (B) dextran100, (C) dextran500, (D) Ficoll, and (E) sucrose. The

insets highlight the varying potential depths.

crowder conc. K; scly K scly Dy
(%w/w) | (kgT) | (um) | (kgT) | (nm) | (nm*/um)
sucrose 10 -1.25 | 1/3.5 19.7 £ 0.3
20 -1.25 | 1/3.5 12 £ 0.2
25 -1.25 | 1/3.5 8.9 £ 0.2
30 -1.25 | 1/3.5 6 + 0.15
Ficoll 10 1.7 1/5 -0.5 1/0.1 9+ 0.3
20 3 1/7 -0.5 1/0.1 2.065 = 0.1
25 4.25 1/9.5 -0.5 1/0.1 1.06 4+ 0.03
30 4.5 1/10 -0.5 1/0.1 0.38 £ 0.02
dextran40 10 0.5 1/2.4 -0.5 1/0.1 5.9 £ 0.2
20 0.9 1/3 -0.5 1/0.1 1.57 4+ 0.03
25 1.1 1/3.5 -0.5 1/0.1 0.49 4 0.02
35 2 1/6 -0.5 1/0.1 | 0.255 £+ 0.015
dextran100 10 2 1/5 -0.5 1/0.1 5.05 £ 0.3
20 3 1/7.1 -0.5 1/0.1 1.24 + 0.05
25 4.3 1/10 -0.5 1/0.1 | 0.755 £+ 0.025
35 6 1/13 -0.5 1/0.1 | 0.32 £+ 0.035
dextran500 10 53 | 1/82 | -05 |1/0.1| 5.3 +0.15
20 9.8 1/15 -0.5 1/0.1 | 1.275 4+ 0.045
25 12 1/19 -0.5 1/0.1 0.8 £ 0.05
35 16.25 | 1/20.5 | -0.5 1/0.1 | 0.16 £ 0.025

Table S2. Parameters used for modeling the D(g) using a single-Yukawa and two-Yukawa interaction
potential. K7 accounts for the strength of the attractive part of the potential and K5 for the repulsive
part. The corresponding screening lengths are given by scl;. Dg refers to the diffusion constant at
infinite dilution.

Estimation of the microscopic viscosity

The microscopic viscosity of crowder solutions was estimated based on the model of [94]:

QA€

Thmicro = Ts Z(}\, 6)

(12)



with 7 indicating to the solvent viscosity. Q(\, €) and Z(\, ¢€) are defined as:

QN €) =22+ 3N (1 +€)°% —4(1 - N)(1 +¢)
ZAe)=2(2+3)N)(1+¢° -9 (1 - é)\ - §>\2> (1+¢€)°

+10(1 = A)(1+€)3 =91 = A)(1+€) +4(1 — N)?,
s

Thmacro

with EZ% and \ =

Here, Nmacro denotes the macroscopic bulk viscosity of the crowder solutions, ds represents the

depletion layer thickness, and R corresponds to the radius of gyration of ferritin.



