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Diffusion of proteins on length scales of their size is crucial for understanding the machinery of living
cells. X-ray photon correlation spectroscopy (XPCS) is currently the only way to access long-time
collective diffusion on these length scales, but radiation damage so far limits the use in biological systems.
We apply a new approach to use XPCS to measure cage relaxation in crowded α-crystallin solutions. This
allows us to correct for radiation effects, obtain missing information on long time diffusion, and support the
fundamental analogy between protein and colloid dynamical arrest.
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Molecular processes leading to dynamical arrest in
biomacromolecular solutions are vital for life, governing
protein assembly and condensation as essential formation
pathways of biological structure [1]. As examples, both the
attractive gel [2] and repulsive glass transition [3] observed
in concentrated protein solutions present relevant cases for
optimization of pharmaceutical formulations.
Colloid science provides a successful frame to approach

the questions of phase behavior and dynamics of globular
protein solutions [4]. In colloid and glass physics, the
mechanistic understanding of dynamical arrest during glass
formation or gelation has been established by comple-
menting information on multiscale structure with results on
macroscopic viscosity and local diffusion, including par-
ticularly caging processes [5].
Since nonspherical protein conformations with aniso-

tropic molecular interactions render naive colloidal inter-
pretations problematic [4], a comprehensive experimental
characterization of protein solutions is essential for a
quantitative, mechanistic understanding. While multiscale
structure and macroscopic dynamics are accessible using
imaging and scattering techniques [6], diffusion on the
length scale of nearest neighbors is only available on short
timescales up to a few hundred nanoseconds by neutron

spin-echo spectroscopy, corresponding to typical rattling-
in-the-cage motions [2,7,8].
Information on longer micro- to millisecond timescales

addressing out-of-cage diffusion is so far missing. Given
the length scale of roughly 10 nanometers for proteins, the
only experimental technique to probe the collective dif-
fusion is x-ray photon correlation spectroscopy (XPCS)
[9,10]. However, so far, applications to biological matter
have been hampered by the x-ray radiation damage [10,11].
The conventional approach has been to limit the deposited
dose below a critical value [10,12], before structural
changes become measurable. Low dose XPCS requires
distribution of the radiation over a large sample volume to
optimize the scattered signal [11]. For example, using a
100 × 100 μm large beam, collective dynamics at long
length scales could be addressed in concentrated antibody
formulations [13]. Alternatively, one can translate a sample
to control the dose [10,12]. By this approach, proof-of-
principle results on the cage relaxation in concentrated
solutions of the protein α-crystallin were reported [10], but
relaxation times were limited by the translation times, and
thus do not extend to the long time scales relevant close to
dynamic arrest. Moreover, recent work [12] reported a five
times lower critical dose for the same protein than in the
earlier study [10]. It is clear that we lack sufficient under-
standing of the role of radiation effects in XPCS experi-
ments with concentrated protein solutions. In this Letter we
therefore address the problem of radiation-induced damage
for such experiments. We show that collective long-time
cage relaxation in concentrated protein solutions measured
with XPCS is affected by the dose rate even below critical
dose values. We characterize the beam-induced dynamics
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and demonstrate a specific experimental design and ana-
lysis strategy that correctly estimates the intrinsic solution
dynamics in agreement with existing rheology data.
Furthermore, we discuss the role of the underlying
processes responsible for the observed radiation effects.
The SAXS and XPCS measurements were performed at

the ID10 beam line. We benefit from a ∼100 fold increase
in the coherent fraction of the recently upgraded extremely
brilliant source (EBS) at the ESRF [14]. We used 9.5 keV
radiation selected by a Si(111) channel-cut monochromator
and beam sizes of 20 × 20 or 30 × 30 μm2 with high spatial
coherence. The maximum intensity was 3.74 × 1011 and
2.45 × 1010 ph=s for the focused and unfocused beam. Si
attenuators were inserted to reduce the absorbed dose and
the dose rate. The deposited dose was calculated following
[15]. Scattering patterns were recorded by the Eiger 500K
detector [16] placed 6.9 m downstream from a sample and
shifted to access the static structure peak. This setup with a
high coherent fraction provides ideal conditions to system-
atically explore effects of dose rate and dose, and test
whether physical information on collective solution
dynamics can be reliably extracted.
We used concentrated solutions of the protein α-

crystallin [17] from the bovine eye lens as a model system.
Importantly, α-crystallin has been extensively studied using
light scattering, small-angle x-ray scattering, neutron spin
echo and macro- and microrheology [2,3,18], all of which
support a coherent picture for the solution structure,
collective diffusion, and the glass transition based on a
model of polydisperse hard spheres. XPCS measurements
on this system presents the ideal experiment to complete
the physical characterization with the missing information
on long-time cage relaxation, and at the same time test the
potential of XPCS for crowded protein solutions.
We prepared a series of concentrations following a

protocol [2] in a concentration range between 300 and
360 mg=ml, corresponding to a protein volume fraction ϕ
between 0.51 and 0.61 [3]. As a solvent we use a 52.4 mM
phosphate buffer (pH 7.1) with 20 mMDTT (dithiothreitol)
and 1 mM EDTA (ethylenediaminetetraacetic acid) to
reduce effects of oxidative stress and radiation damage,
for more details see the Supplemental Material [19]. The
samples were sealed in quartz capillaries with 1.5 mm
diameter, and measured at room temperature. We used ∼10
to ∼1000 fresh spots per sample with 60 μm spacing, and
collected series of 500 to 20 000 frames for each spot to
achieve good signal-to-noise ratios. For each sample
several datasets with different beam intensity and acquis-
ition time were acquired.
All samples show a correlation peak in the small-angle

scattering curve [Fig. S1(a) [19] ]. Fitting this by the
product of the low concentration form factor of α-crystallin
and a structure factor for a polydisperse hard-sphere
model [20], we extract the peak height Sðq�Þ and the peak
position q� to monitor beam-induced structural changes.

Fig. 1 shows the inverse of the extracted parameter q�
normalized to the zero-dose limit q�D¼0 versus the deposited
dose. In the calculation of q�D¼0 we assumed an exponential
decay (dashed lines). With increasing dose, Sðq�Þ decreases
[Fig. S1(c) [19] ] and q� shifts to larger values. Importantly,
the rate of change is not constant but depends on the
dose rate and volume fraction [Fig. S1(d) [19] ], explain-
ing the earlier conflicting findings on critical doses for
α-crystallin [10,12].
Indeed, the measured intensity correlation functions

gð2Þðq�; tÞ ¼ hIðq�; 0ÞIðq�; tÞi=hIðtÞi2 shown in Fig. 2
for different volume fractions are sensitive to the dose
rates. A significant effect of dose rate on the decay time and
shape is observed, even if the absolute dose is below
10 kGy (Fig. 2). To quantify this observation, we fitted the
curves with the Kohlrausch-Williams-Watts (KWW)
expression [21] gð2Þðq; τÞ ¼ 1þ c exp½−2 ðτ=τrÞβ�, with
the contrast factor c, and the relaxation time τr. The
relaxation exponent β reflects the signature of the dynami-
cal process, ranging from a stretched decay with β < 1,
over a simple exponential decay with β ¼ 1 to a com-
pressed function with β > 1.
The dose-dependent behavior is analyzed using time-

resolved gð2Þ extracted from the two-time correlation
function [22] shown in Fig. S3 [19]. Both β and the
average relaxation time hτri ¼ ðτr=βÞΓð1=βÞ are affected
by the dose and dose rate (Fig. 2). While we observe slow
dynamics at low doses below the radiation damage thresh-
old, large dose rates lead to faster dynamics, and a
transition from stretched to compressed signatures. The
dynamical signatures depend even stronger on dose rate
than the structural features in Fig. 1: the temporal decorre-
lation of the structural features due to the shift of q�

(Fig. S2 [19]) is significantly slower than the beam-induced
dynamics gð2Þðq; τÞ observed in XPCS.
Interestingly, the sensitivity of the samples to radiation-

induced effects seems related to the physical state. The

FIG. 1. Inverse of the relative position q�D¼0=q
� of the peak in

the structure factor SðqÞ, where q�D¼0 is the extrapolated zero-
dose limit, as a function of deposited dose and dose rate for
α-cystallin solutions at different volume fractions ϕ. The guides
to the eye (gray dashed) are exponential decays.
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sample at volume fraction ϕ ¼ 0.55 is close to the glass
transition but still fluid, implying a stretched relaxation
with β < 1 [23,24]. Indeed, both hτri and β show consistent
values below 10 kGy for the smallest two dose rates around
10 kGy=s. Larger dose rates induce faster relaxations of
different nature with β > 1 [Figs. 2(d) and 2(g)].
The sample at the intermediate volume fraction of 0.58 is

at the arrest transition, which should result in a stretched
exponential decay. While the measurement at the lowest
dose rate returns a reasonable β < 1, a dose rate around
10 kGy=s already induces an inconsistent β ≈ 1, implying a
higher sensitivity to dose rate than for the slightly less
concentrated sample.
The highest volume fraction of 0.61 corresponds to an

arrested sample, which would in principle imply a constant
plateau for the long-time α relaxation observed by XPCS.
However, for our sample structural relaxation is induced
already for much smaller dose rates around 1 kGy=s, with
β ≈ 1.5 and a hτri of similar magnitude as at the arrest
transition. In addition, hτri does not show a constant value
below 10 kGy, suggesting that the dynamical signatures
are related to radiation-induced relaxation processes. For
colloidal hard or soft sphere glasses one finds a final very
slow decay in the correlation functions due to aging

processes that result in a compressed exponential decay
with β ≈ 1.5, due to the relaxation of internal stresses
through nondiffusive processes [25].
The beam-induced dynamics and the intrinsic dynamics

are assumed to be two independent and parallel relaxation
processes [26,27], motivating a correction for the effect of
dose rate to extract the correct intrinsic long-time collective
dynamics. By fitting with an exponential decay we deter-
mine the average relaxation rate 1=hτri (at zero dose)
versus dose rate (insets in Fig. 2) as proposed in [28]. The
observed linear relationship of the zero-dose-limit of 1=hτri
versus dose rate (insets in Fig. 2) allows extrapolation to the
limit of zero dose rate for our samples, which approaches
the intrinsic dynamics of the system [28]. We verify this
approach by comparing the estimated values with comple-
mentary measurements. The long-time α relaxation scales
with the macroscopic solution viscosity. Figure 3 displays
viscosities from rheology [3] and microrheology [18]
along with the relaxation times normalized by the dilute
limit τ0 ¼ 1=D0q2 with the diffusion coefficient D0 ¼
2.2 × 10−11 m2=s. The excellent agreement validates the
applicability of XPCS for obtaining physical information of
the undisturbed sample, if systematic corrections for dose-
rate effects are performed.

FIG. 2. Observed dynamical characteristics of α-crystallin solutions dependent on the dose and dose rates at volume fractions:
ϕ ¼ 0.55 (left), ϕ ¼ 0.58 (center), ϕ ¼ 0.61 (right). Top: measured normalized intensity correlation functions. Dashed lines are fits with
the KWW expression. Middle: the average relaxation time hτri is decreased by both dose rate and dose. Inset: the relaxation rate as a
function of the dose rate. Bottom: the exponent parameter β evidences a transition from stretched exponential decay in the weakly
affected fluid state to compressed decay for the strongly affected state.
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What remains to be discussed is the physical origin
of the observed intriguing dynamics: while a stretched-
exponential signature is observed in high concentration
still fluid protein solutions at low dose rates, the increase
of both dose rate and the protein concentration results
in compressed-exponential signatures. We remark that a
transition from stretched to compressed decays with a
decrease of the temperature or an increase in concentration
was reported in metallic [29] and colloidal [30] glasses, as
well as predicted theoretically for such systems [31].
However, the dose rate does not change the relaxation
signature in these systems, which seems to be a new
observation in these proteins solutions, likely relevant for
other radiation-sensitive biological systems.
As a likely explanation, we consider the formation of

covalent links between proteins caused by radiation-
induced radicals [32,33]. Upon illumination with x rays,
highly reactive hydroxyl (HO) radicals are formed by the
decomposition of water [34]. In concentrated protein
solutions, HO almost instantaneously diffuses to and reacts
with the protein surface into C-centered protein radicals. In
close contact, these protein radicals react, and form
permanent covalent bonds between protein molecules
[33,35]. Typically, protein cluster formation results in a
slowing down of diffusion, and a stretched exponential
decay of the correlation function. However, we stress that
our experiments do not study the equilibrium dynamics of
protein clusters, but the nonequilibrium situation of protein
solutions during cluster formation. The nonequilibrium
nature of the radical reaction induces changes in the free
energy landscape during bond creation. In particular, the
close binding of two proteins leads to the opening of a local
void in the nearest neighbor cages of the crowded protein
solutions, into which the surrounding proteins relax with a
locally directed motion (see Fig. S5 [19]). Thus, the driven
process of radical bond formation is expected to induce an
apparent quasiballistic motion explaining the compressed
signature in the collective relaxation.

The relevance of these processes on the experimental
timescales is supported by a quantitative estimation: The
formation rate of radicals per protein molecule can be
expressed as

kr ¼ Gj
ρH2OVbeam

Np
≈
0.68
s

j
kGy=s

; ð1Þ

where j is the equivalent dose rate,G ¼ 2.8 × 10−7 mol J−1

expresses the number of hydroxyl radicals per absorbed
radiation dose [34], ρH2O ≈ 1 g=ml is the water density, and
Vbeam¼30 μm×30 μm×1.5mm is the illuminated beam
volume. The number of proteins Np ¼ Vbeamcp=Mw ≈
5.6 × 10−13 mol has been evaluated for realistic values
for the protein mass concentration cp ≈ 330 mg=ml, and a
molecular weight of Mw ≈ 800 kDa. For a dose rate of
10 kGy=s, the proteins obtain on average one radical
every τr ¼ 1=kr ≈ 150 ms.
The confinement of a protein in a dense cage of other

proteins implies that rotational tumbling and translational
collision times are on microsecond timescales, while out-
of-cage diffusion is orders of magnitudes slower. The first
radical bonds form with a rate kb ≈ 105=s ≫ kr as soon as
two neighboring proteins receive one radical each. An
estimation for the average time for one bond formation per
protein reads τb ¼ 2=kr ≈ 300 ms, which is consolidated
by rate equations [19].
The formation of subsequent bonds slows down consi-

derably, as cluster formation obstructs the rotation and
translation of proteins needed to find neighboring radicals.
Our simple consideration rationalized why nonequilibrium
driven motions induced by x-ray radiation should be ex-
pected in these dense proteins on time scales of 100 ms to
seconds.
For liquid samples close to dynamical arrest, this

proposed mechanism explains why the long-time relaxation
of gð2Þðq; τÞ changes from a stretched to a compressed
exponential behavior, while for the already arrested non-
ergodic samples all correlation functions measured are
compressed with a characteristic relaxation time accelerat-
ing with increased absorbed radiation. It is also consistent
with our observations that the position q� of the nearest
neighbor peak increases and the corresponding peak
amplitude Sðq�Þ decreases with increasing dose, as these
quantities reflect the increasing number of defects created
in the cage structure caused by radical bond formation
between proteins and the concomitant decrease of the
average nearest neighbor distance.
We stress that this picture might be different for lower

volume fractions, where radiation-induced clustering has
been speculated about based on radiation-induced slowing
down [36,37]. Under these conditions we expect that
radiation-induced aggregation would exhibit the typical
features of reaction-limited cluster-cluster aggregation [38]
and strongly interfere with our ability to measure collective

FIG. 3. Relative zero-shear viscosity ηr of α-crystallin solutions
as a function of volume fraction ϕ obtained from rheology (data
from [3]) and microrheology (data from [18]) and normalized
relaxation times obtained from XPCS (red squares).
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dynamics on longer timescales with XPCS. In contrast, at
very high concentrations close to dynamical arrest, the
proposed mechanism is instead related to percolation [39].
Here the large difference between short-time diffusion
rattling in the nearest neighbor cage, and long-time
diffusion caused by cage relaxation only allows for bond
formation between nearest-neighbor proteins, and cluster
diffusion over longer distances is prohibited by the cages.
We note that the beam-induced dynamics is of non-

thermal nature, as from finite difference calculations [40]
for the highest dose rate we obtain a maximum heating of
∼0.44 °C [Fig. S4(b) [19] ].
In conclusion, using the highly coherent x-ray beamof the

EBS source we collected high-quality XPCS data on
concentrated α-crystallin solutions. By applying a system-
atic approach—varying dose and dose rate—we reveal
information on the physical mechanism behind dynamical
arrest on nearest-neighbor length scale that with previous
studies completes the colloidal picture of dynamical arrest of
α-crystallin. We obtained indirect information on the
mechanism behind structural changes and dynamical accel-
eration induced by x-ray radiation. We showed that the dose
rate is the relevant parameter to control in the XPCS
measurements in addition to the dose. In essence, access
to the true microscopic dynamics of biological samples is
possible, if experiments stay both below the critical dose and
the dose rate. Importantly, the critical dose rate seems to be
related to the ratio of the critical dose to the relaxation time of
the system. Therefore, an experimental characterization of
short-time cage diffusion may even be possible with XPCS
when using sufficiently intense x-ray beams where the
absorbed dose would be above the typical estimate of the
critical dose of 10 kGy, but where bond formation would be
sufficiently delayed due to the significant difference
between short-time diffusion and bond formation. Given
the enormous improvements of coherent beam character-
istics at modern synchrotron sources, XPCS in this spirit is
highly promising for future in-depth characterization of
local dynamics in biological and soft materials.
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