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1 Abstract
The crowded environment of biological systems such as the interior of living cells is occupied by macro-
molecules with a broad size distribution. This situation of polydispersity might influence the dependence
of the diffusive dynamics of a given tracer macromolecule in a monodisperse solution on its hydrodynamic
size and on the volume fraction. The resulting size-dependence of diffusive transport crucially influences
the function of a living cell. Here, we investigate a simplified model system consisting of two constituents
in aqueous solution, namely of the proteins bovine serum albumin (BSA) and bovine polyclonal gamma-
globulin (Ig), systematically depending on the total volume fraction and ratio of these constituents. From
high-resolution quasi-elastic neutron spectroscopy, the separate apparent short-time diffusion coefficients for
BSA and Ig, respectively, in the mixture are extracted which show substantial deviations from the diffusion
coefficients measured in monodisperse solutions at the same total volume fraction. These deviations can
be modelled quantitatively using results from the short-time rotational and translational diffusion in a
two-component hard sphere system with two distinct, effective hydrodynamic radii. Thus we find that a
simple colloid picture well describes short-time diffusion in binary mixtures as a function of the mixing
ratio and the total volume fraction. Notably, the self-diffusion of the smaller protein BSA in the mixture
is faster than the diffusion in a pure BSA solution, whereas the self-diffusion of Ig in the mixture is slower
than in the pure Ig solution.

Keywords: short-time protein diffusion, crowding, neutron scattering, polyclonal immunoglobulin,
Bovine serum albumin, bidisperse suspensions, colloid physics, short-time diffusion, protein solution

1



2 Introduction
Understanding the diffusive transport of macro-
molecules in the polydisperse and crowded ensem-
ble within the aqueous intracellular fluid of living
cells is crucial to understand their function1,2. Poly-
dispersity3–5 and crowding6–12 are, thus, subject to
numerous theoretical13, simulation11,14,15, and ex-
perimental studies. Both living cells or even small
organisms in their entire complexity16–20 as well as
settings with different degrees of simplification have
been explored using spectroscopic methods, such as
nuclear magnetic resonance (NMR)21,22, Mössbauer
spectroscopy23, and fluorescence correlation spec-
troscopy24–26. Drastically simplified model systems
with well-defined and adjustable configuration pa-
rameters can help to test models, many of which are
derived from colloid physics27–29.

To this end, aqueous solutions consisting of a single
monodisperse protein species have previously been
probed, inter alia, using neutron spectroscopy and
NMR21,22,30–32. On the diffusive short-time scale,
direct interactions such as protein-protein collisions
are negligible, and hydrodynamic interactions domi-
nate which are considered crucial for biological func-
tion33 as well as for the quantitative understand-
ing of long-time diffusion34–37. On this short-time
scale it has been found that the self-diffusion (synony-
mously: tracer diffusion) of well-folded proteins with
a compact shape can be quantitatively understood in
terms of predictions for monodisperse colloidal hard
spheres31. Notably, the slowing-down of the pro-
tein self-diffusion with increasing protein volume frac-
tion in the suspension, i.e., with increasing crowding,
has been quantitatively understood for this situation.
However, In actual biological systems, polydispersity
is prevalent, so it is imperative to check the valid-
ity of the colloid picture in a genuinely polydisperse
situation.

In this colloid picture, Stokesian dynamics simu-
lations of binary hard spheres show that the larger
component diffuses slower and the smaller compo-
nent diffuses faster in a mixture than in their re-

spective pure systems at the same total volume frac-
tion38. Realistic polydisperse simulations suggest
that these rather complex systems can be mapped
and understood by studying equivalent polydisperse
hard-sphere models33. Experimentally, the diffusion
of immunoglobulin tracer proteins has recently been
studied in such a naturally polydisperse and crowded
setting of macromolecules39 and in dense phases af-
ter macroscopic phase separations40. Simulations
adapted to the particular polydisperse system39 gen-
eralize the trend seen in binary systems38,39. No-
tably, particles smaller than the average effective ra-
dius of the macromolecular ensemble diffuse faster,
and particles with a larger than average radius dif-
fuse slower than in the monodisperse case at the same
volume fraction. Computational studies showed simi-
lar effects influencing the self-diffusion close to inter-
faces4. However, the existing explicit comparisons
between experiment and colloid theory do not suf-
ficiently address the genuine effects of polydisper-
sity, e.g., the experimental results in Ref. 39 can still
be approximately described by an effective monodis-
perse system due to the experimental restriction to
only one type of tracer protein.

Hence, a dedicated study of a model polydisperse
system with tunable tracer composition is necessary,
which in its simplest case would be a bidisperse sys-
tem with tunable total volume fraction and relative
composition. Up to now, the separation of differ-
ent diffusive contributions was possible either due to
partial deuteration of the samples investigated39 or
to the use of advanced modelling in hydrated pow-
ders41. Here, we test the predicted bulk behavior of
an aqueous solution of two distinct tracer proteins,
namely bovine serum albumin (BSA) and bovine
polyclonal immunoglobulin gamma (Ig). We sepa-
rate the apparent center-of-mass diffusion coefficients
measured simultaneously for both proteins from the
internal diffusive processes and the solvent contribu-
tions. We use both proteins in their native, proto-
nated form and vary the protein volume fraction and
ratio. This simplified setting, compared to the highly
polydisperse mixtures previously studied, allows for a
more quantitative comparison with results from sim-
ulations. It also circumvents the need for biological
deuteration. Thus, by analyzing the data employ-
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ing different frameworks, we show the feasibility to
investigate the short-time diffusive processes of two
distinct species of label-free tracers in a solution and
to separate and analyze the corresponding contribu-
tions to the scattering signal of the two proteins.

3 Materials and Methods
3.1 Sample preparation
Polyclonal Ig (G5009) (MIg = 150 kDa42), BSA
(A3059) (MBSA = 66.4 kDa43) and D2O were pur-
chased from Sigma-Aldrich (now Merck KGaA) and
used with no further purification. The samples were
prepared by dissolving given masses of the proteins in
D2O as described in earlier works44,45. The sample
details can be found in Table S1.

3.2 QENS measurements
For the quasielastic neutron spectroscopy (QENS)
measurements, the samples were filled in double-
walled cylindrical Aluminum sample containers with
23mm outer diameter and a gap between the wall
containing the sample fluid with a width of 0.15mm.
The containers were sealed with indium wire.

The QENS spectra were measured during the ex-
periments 9-13-52646 and 8-04-75947 on the neu-
tron backscattering spectrometer IN16B48 at the
Institut Max von Laue – Paul Langevin (ILL) in
Grenoble, France. For calibration, an empty cylin-
der, pure D2O and Vanadium were additionally mea-
sured. IN16B was used with Si(111) monochroma-
tor and analyzer crystals, corresponding to the elas-
tic wavelength λ = 6.27Å. The investigated q-range
(0.2 Å−1 ≤ q ≤ 1.9 Å−1) corresponds to nanometer
length scales. A phase space transformation chopper
enhanced the neutron flux at the sample position at
the expense of an acceptable beam divergence49. A
standard Orange cryofurnace was employed to set the
sample temperature.

3.3 Data reduction
The IN16B data were reduced and analyzed using
MATLAB. The empty can contribution was sub-

tracted from all samples measured. Vanadium spec-
tra were fitted for each momentum transfer q value
with a sum of two Gaussian functions to analytically
account for the instrument resolution in the subse-
quent fits of the sample spectra. The solvent con-
tribution was fixed based on the pure D2O measure-
ments following the approach explained in Ref. 44
using the total protein volume fraction φ. Further
analysis of the diffusion coefficients was performed
with python350 using Jupyter Notebooks.

3.4 Analysis of the scattering signal with a
simplified approach

For the investigated range in the energy transfer ℏω
and in the momentum transfer q, the measured scat-
tering function is dominated by the incoherent scat-
tering signal S(q,ω) of the protein solution and can be
written as the convolution of the resolution function
R(q,ω) and the weighted sum of the contributions
from the solvent SD2O(q,ω)44 and from the protein
SProtein(q,ω)51,

S(q,ω)=R(q,ω)⊗[β ·SProtein(q,ω)+βD2O ·SD2O(q,ω)] ,
(1)

where β (q) and βD2O(q) are scalar parameters. For
globular proteins, the signal arising from the diffu-
sive protein motions can be separated into an ap-
parent global center-of-mass Sglob(q,ω) and internal
Sint(q,ω) contribution:

SProtein(q,ω) = Sglob(q,ω)⊗·· ·
[A0(q)δ (ω)+(1−A0(q))Sint(q,ω)] (2)

with A0(q) being the elastic incoherent structure fac-
tor (EISF)52.

Previous studies investigated the dependence of
the apparent short-time center-of-mass diffusion co-
efficients on the protein volume fraction for sev-
eral proteins in single-component solutions31,44,45.
For different globular proteins, an apparent diffusion
coefficient D = D(Dr,Dt), consisting of the transla-
tional Dt and rotational Dr diffusion, has been ob-
served for significantly changing environments. For
the time and length-scale investigated, it can be de-
scribed by a Fickian diffusion process, which trans-
lates into a Lorentzian function Lγ(ω) with the width
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γ(q) = Dq2.40,45,51,53,54 In the energy transfer range
investigated, the internal diffusive contribution of the
proteins can also be described by a Lorentzian func-
tion45,51. The incoherent scattering signal can thus
be approximated by

S(q,ω) = R(q,ω)⊗·· ·[
β ·

(
A0Lγ(ω)+(1−A0)Lγ+Γ(ω)

)
+ · · ·

βD2O ·SD2O(q,ω)] (3)

with Lγ(ω) and LΓ(ω) describing the apparent
global diffusion and the internal diffusive processes,
respectively. Although this approach is developed
for monodisperse system, several studies have shown
that it can be applied to cluster forming systems45,53.
In this case, Equation 3 is averaging on the one hand
over the different global diffusive dynamics of the two
proteins and on the other hand over their internal dy-
namics.

3.5 Separation of the BSA and Ig contribu-
tions in the scattering signal

For n different proteins in the solution, the total in-
coherent scattering signal from the proteins S∑(q,ω)
can be written as a weighted sum of the different
protein contributions.

S∑(q,ω) =

n
∑

i=1
siSi

Protein(q,ω)

n
∑

i=1
si

(4)

with Si
Protein(q,ω) being the scattering signal of the

protein i. The incoherent scattering cross-section si
of this protein is calculated as the sum si = np ∑ j σ j
of the incoherent scattering cross-sections σ j of the
atoms present in this protein multiplied by the num-
ber of this type of protein np in solution.

To extract the individual diffusion coefficients of
BSA and Ig separately from the experimental data,
an advanced algorithm for fitting both the q and
ℏω dependence simultaneously, have to be applied to
avoid overfitting due to the spectrometer resolution,
limited energy transfer, and statistical errors of the
measured spectra. The fit according to Equation 3,

has to be changed to

S(q,ω) =

R⊗
{

β (q)
[
A0(q)

(
sBSALγBSA(ω)+ sIgLγIg(ω)

)
+

(1−A0(q))Sint(q,ω)]+βD2O(q)LγD2O(ω)
}

(5)

with γBSA = D(BSA)
exp q2 and γIg = D(Ig)

exp q2 and D(Ig)
exp <

D(BSA)
exp . The scaling parameters sBSA and sIg are cal-

culated by

sIg =
σIgcIg[mol/l]

σIgcIg[mol/l]+σBSAcBSA[mol/l] (6)

and

sBSA =
σBSAcBSA[mol/l]

σIgcIg[mol/l]+σBSAcBSA[mol/l] , (7)

where σIg = 1011495.41 barn and σBSA =
464377.95 barn are the incoherent scattering
cross sections of Ig and BSA, calculated based on
the pdb files 1IGT55 and 4F5S (biological assembly
1)56, respectively57,58. cIg[mol/l] and cBSA[mol/l]
are the molar concentrations of Ig and BSA, respec-
tively. The internal contribution Sint(q,ω) = L (ω)
described by a Lorentzian function as well as the
EISF A0, fitted as q dependent parameter with
the limitation to be monotonically decreasing,
were averaged over both proteins. The very high
energy resolution of IN16B is optimal to accurately
determine the protein center-of-mass diffusion,
which comes at the cost of a limited energy range.
It has to be emphasized that this limited energy
transfer available as well as the apparent background
given by the solvent does not allow to separate the
internal contributions of both proteins. Therefore, a
simplified model is used for separating the apparent
diffusion coefficients D(BSA)

exp and D(Ig)
exp of BSA and

Ig, respectively, but keeping one single Lorentzian
function averaging over the internal dynamics of
BSA and Ig. The width of this Lorentzian function is
chosen to be larger than the width of the Lorentzian
function describing the apparent diffusion of BSA.
Since the fit averages over the different contributions
of the internal diffusion of BSA and Ig as well over
the corresponding EISFs, a detailed analysis of the
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internal dynamics based on this data set is not
possible. The goodness of fit is slightly better for
the model accounting for the two distinct protein
species, compared to the average population model
(cf. Figure S3). This improved goodness of fit and
the prior knowledge, due to the sample preparation,
of the existence of the two protein species therefore
justify the application of the latter model. It should
be emphasized that the number of fit parameters for
the bi-disperse model is increased by just one relative
to the model describing only the average center-of-
mass diffusion. This number of fit parameters in the
fit applied to all q simultaneously is still lower than
the number of fit parameters applied in the model
free approach using two free Lorentzian functions
for each q. By investigating the dependence of χ2

ν
as a function of the optimization parameters, the
robustness of the fit can be evaluated. For the two
different global fit approaches, these dependencies
are shown in Figure S4.

3.6 Calculation of the theoretical diffusion
coefficients

Computational studies on multi-component solutions
indicate that the diffusion coefficient of a tracer
changes due to the presence of a second type of tracer
particle38,39. Therefore, to compare the experimen-
tal and simulation results for our two-component sys-
tem, we use the model reported by M. Wang and
J.F. Brady38 for the short-time diffusion of bidis-
perse suspensions of hard spheres. Specifically, we
employed the reported polynomial expressions for the
diffusion coefficients (for both translational and ro-
tational). These expressions depend on the volume
fraction and the composition of the mixture and are
based on pairwise additive approximation (two body
interactions) and semi-empirical formulas (more de-
tails can be found in the SI). For each sample con-
dition (i.e. for a given composition and volume frac-
tion), the translational diffusion coefficient Dt and ro-
tational diffusion coefficients Dr were calculated using
the volume fraction ϕ i

theo = ni
4
3 π

(
Ri

H
)3 obtained em-

ploying the number density ni = cp[mg/ml]/Mi
W ·NA,

the molecular weight Mi
w, the hydrodynamic radius

Ri
H for protein i and the Avogadro constant NA. The

apparent center-of-mass diffusion coefficient D is cal-
culated subsequently using the implicit relation for
D = D(Dr,Dt)

31 (see SI for details).
We use the relative deviation of the apparent

center-of-mass diffusion coefficients Dtheo(ϕtheo) from
the monodisperse case (y = 0 and y = 1 for pure Ig
and BSA, respectively) and multiplied by the corre-
sponding experimental volume fraction dependence
determined previously31,44 to obtain the theoretical
apparent diffusion coefficients Dtheo(φ):

D(BSA)
theo (φ,y) =D(BSA)

theo (φ,y= 1) ·
D(BSA)

theo (ϕtheo,y)

D(BSA)
theo (ϕtheo,y = 1)

(8)

D(Ig)
theo(φ,y) =D(Ig)

theo(φ,y= 0) ·
D(Ig)

theo(ϕtheo,y)

D(Ig)
theo(ϕtheo,y = 0)

(9)

This calculation is necessary, since the direct conver-
sion between the experimentally given volume frac-
tion φ of the mixture and the effective hydrodynamic
volume fraction ϕtheo determining the theoretical dif-
fusion is only possible for the pure solutions31,44, but
not for mixtures.

By following this pathway, it is possible to express
the simulation results in terms of the experimental
conditions. In addition, by performing this renor-
malization, a possible presence of dimers of BSA59–61

and Ig62 and slow domain motions of Ig, which are
captured by the thinner Lorentzian function40, are
taken into account. We note that a fraction of BSA
or Ig dimers might be present in the samples, but the
picture of monomers is sufficient to model the results.
The effect of possible oligomers might cancel out in
the comparison due to the scaling of the theory to
the effective hydrodynamic size of the proteins.

4 Results and Discussion
4.1 Experimental average center-of-mass

diffusion
To investigate the short-time self-diffusion of Ig and
BSA in the same solution, we employ QENS using
IN16B48, as this technique proved to be well-suited
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for the study of the nanosecond protein dynamics at
high protein volume fractions31,63 (cf. Section 3.4).

In a first, simpler approach, the QENS signal is
analyzed for each recorded value of the momentum
transfer ℏq individually. Based on Equation 3, the
scattering signal of the two proteins was described
by one Lorentzian function averaging over the center-
of-mass diffusion and one second Lorentzian function
averaging over the internal diffusive processes in the
two proteins.

A representative fit result is shown in Figure 1a.
The inset of Figure 1a depicts the fitted width γ ver-
sus q2. Although the fit averages over the two appar-
ent diffusion coefficients associated with BSA and Ig,
respectively, the relationship γ = D(av)

exp q2 (solid line)
is not imposed, yet it arises naturally from the q-
wise fits. This indicates that on the timescale ranging
from some tens of picoseconds to some nanoseconds
accessible by IN16B the averaged center-of-mass dif-
fusion of Ig and BSA undergoes a simple Fickian dif-
fusion with an averaged apparent diffusion coefficient
D(av)

exp , comprising the translational and rotational dif-
fusion contributions of both Ig and BSA. Due to the
limited energy range |ℏω| ≤ 30 µeV of IN16B, the
fitted γ(q) seemingly deviate from this relationship
at the highest q (inset of Figure 1a), which can be
attributed to this sampling as well as intensity limi-
tation and is absent when spectrometers with a larger
energy range are employed64,65.

The average apparent diffusion coefficients D(av)
exp

obtained from samples measured at T = 295K (green
pentagons), as well as the volume fraction depen-
dencies of the diffusion coefficients of the pure pro-
tein solutions determined earlier [BSA (red solid
line)31 and Ig (blue solid line)44] are shown as a
function of the total volume fraction of the sys-
tem φ = φBSA + φIg in Figure 2b. In this case,
φIg = cIg · νIg and φBSA = cBSA · νBSA are the vol-
ume fractions calculated based on the partial specific
volume of Ig νIg = 0.739 ml/g (Ref. 66) and BSA
νBSA = 0.735 ml/g (Ref. 67), respectively. Overviews
of the measured samples and the corresponding pa-
rameters are given in Table S1 and Table S2. The
dependence of the averaged apparent diffusion coef-
ficient D(av)

exp on φ (green pentagon symbols in Fig-

10
-4

10
-3

10
-2 a)

0 2 4
0

2

4

-20 0 20

10
-4
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-3

10
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Figure 1: Spectra with its statistical errors at q =

1 Å−1 with cBSA = 200 mg
ml and cIg = 100 mg

ml at T =
295 K displayed in green. a) The total fit based on
Equation 3, the averaged center-of-mass, averaged
internal as well as the solvent contribution are dis-
played as red, blue-orange dotted, magenta and cyan
lines, respectively.
Inset: Width of the Lorentzian function describing
the averaged center-of-mass diffusion as a function of
q2. The solid line represents a fit of γ = Davq2.
b) Fit result based on Equation 5 (red line), con-
taining the contribution of the apparent center-of-
mass diffusion of BSA (blue line) and of Ig (orange
line), the contribution of the averaged internal diffu-
sion (magenta line) as well as the contribution of the
solvent (cyan line).
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Figure 2: Diffusion coefficients as a function of the total volume fraction φ. The red and blue solid lines
indicate the parametrization of the experimentally determined φ-dependence of the short time self diffusion
coefficient of pure BSA and Ig, respectively. a) The dotted and dashed-dotted lines represent the short
time self-diffusion of BSA and Ig, respectively, calculated as explained in the main text based on Wang
and Brady38 in mixtures containing both proteins with the mixing ratio y color-coded in the colorbar on
the right. The calculated values for the samples investigated are additionally represented by open orange
circles and open blue squares for pure Ig and pure BSA, respectively. b) The averaged calculated diffusion
coefficient in the mixture is displayed as open green pentagrams for the sample conditions investigated.
The filled symbols represent the experimentally determined diffusion coefficients D of the average (green
pentagons), of Ig (orange circles), and of BSA (blue squares) in the mixtures, respectively. Note that the
confidence bounds on the fits depend on the mixing ratio. In samples with a very low volume fraction of
one component, these result in large error bars on the symbols.

ure 2b) is not monotonic, because the mixing ratio
y = φBSA/φ varies. Nevertheless, the observed av-
erage diffusion coefficients D(av)

exp (φ,y) are within the
limits given by D(Ig)(φ) and D(BSA)(φ) of the pure
Ig and BSA solution, respectively.

4.2 Comparison with the calculated average
center-of-mass diffusion

In Figure 2(a), the theoretical diffusion coefficients
D(BSA)

theo and D(Ig)
theo for the individual components

(BSA and Ig) in the mixture, calculated as explained
in Section 3.6, are displayed for different mixing ra-
tios y as a function of the total volume fraction
φ (dash-dotted lines). The apparent diffusion co-
efficients for Ig in the mixture D(Ig)

theo(φ) are lower
than the ones for Ig in the monodisperse solution

D(Ig)(φ). In contrast, for the smaller protein BSA,
the apparent diffusion coefficient in the presence of
Ig, D(BSA)

theo (φ) is increased compared to the monodis-
perse case D(BSA)(φ). This observation is in agree-
ment with several previous studies38,39. For the sam-
ple conditions investigated, the theoretical diffusion
coefficients are displayed in addition as open symbols
in Figure 2(a) (note that the mixing ratio y for each
symbol is different). Based on these calculated the-
oretical diffusion coefficients, the averaged diffusion
coefficient is calculated using the same approach as
for the experimental data by approximating the sum
of the two weighted Lorentzian functions with one
single Lorentzian function. The calculated averaged
diffusion coefficient, displayed as open green symbols
in Figure 2(b), agree well with the experimentally
determined ones displayed as filled green pentagons.
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4.3 Individual center-of-mass diffusion of
BSA and Ig

In Section 4.2, the deviation of the calculated diffu-
sion coefficient of the protein in the mixture from the
diffusion coefficient at the same volume fraction for
the single component solution is described. To inves-
tigate the diffusion coefficients of BSA and Ig simul-
taneously, the experimental data was reanalyzed as
explained in Section 3.5. Figure 1b displays an ex-
ample spectrum with the fit of Equation 5 extracting
simultaneously the apparent global diffusion coeffi-
cients of BSA and Ig in the mixtures. The diffusion
coefficients are displayed for the different samples in
Figure 2(b) as filled blue squares and filled orange cir-
cles for BSA and Ig, respectively. As it can be seen,
according to this analysis, the experimental diffusion
coefficients in the mixtures significantly deviate from
the values in the pure protein solutions at the same
φ (solid lines). While the larger protein Ig is slowed
down due to the presence of BSA at the same to-
tal volume fraction φ (i.e. D(Ig)(φ) > D(Ig)

exp (φ)), the
smaller protein BSA is accelerated (i.e. D(BSA)(φ)<
D(BSA)

exp (φ)). Even though the bi-component model
seems to provide physically reasonable results, one
must be aware that the data quality even under opti-
mized experimental conditions would not allow such
a separation without applying the existing knowl-
edge on the sample composition. Overall, there is a
risk of over-interpreting the data. Nevertheless, the
χ2

ν -method employed here, i.e., the maximum likeli-
hood method for Poisson-distributed data, represents
the best available statistical test to our knowledge68.
The fact that we obtain reasonable confidence inter-
vals stresses that we have not employed a model with
redundant fit parameters.

To investigate the dependence on the mixing ratio
y, the relative change of the diffusion coefficients

D̃ =
Di

exp/theo −Di

Di (10)

for i representing BSA and Ig, respectively, is shown
for both proteins in Figure 3 as a function of φ for
both proteins for different y.

A systematic trend is seen for both proteins within
the investigated range of y. Here, the bigger protein

Figure 3: Relative change of the diffusion coefficients
D̃ as a function of the volume fraction φ. The cor-
responding mixing ratio y is color-coded. Dashed
dotted lines represent the deviations predicted by
Brady and Wang. The corresponding theoretical val-
ues for the specific sample conditions are addition-
ally displayed as open blue squares and open orange
circles for BSA and Ig, respectively. Blue and or-
ange filled symbols represent the experimentally de-
termined percentage deviations of BSA and Ig, re-
spectively, in the mixture compared to the monodis-
perse solution. Note that the confidence bounds on
the fits depend on the mixing ratio. In samples with
a very low concentration of one component, these re-
sult in large error bars on the symbols.

Ig is slowed down while the smaller protein present in
solution is accelerated. It should be mentioned, that
approaching the limits y = 0 and y = 1, the diffusion
coefficients of the proteins in the mixture have to ap-
proach the values for the respective pure solutions:

D(BSA)
exp (φ,y → 1) !→ D(BSA)(φ) (11)

D(Ig)
exp (φ,y → 0) !→ D(Ig)(φ). (12)

The good agreement between the experimental
Di

exp and the theoretically calculated Di
theo (Sec-

tion 3.6) is confirmed in Figure 4, where the individ-
ual experimental diffusion coefficients for each com-
ponent Di

exp are plotted as a function of the calcu-
lated diffusion coefficient Di

theo for each sample (sym-
bols). We note that Ig is not spherical which might
cause a small systematic error in the calculation of
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the apparent diffusion coefficient Di
theo based on the

translational and rotational diffusion coefficient. The
bisector marked by the dotted line would correspond
to a perfect agreement of the result from the fit
of the measured spectra in terms of the bidisperse
model (Equation 5) with the result from the calcu-
lation according to Wang and Brady38. This figure
also illustrates the distinct diffusion coefficients of the
two components, namely Ig and BSA, in the mixture
(orange circles and blue squares, respectively). We

0 2 4 6
Dtheo [Å

2/ns]

0

2

4

6

D
ex
p
[Å

2 /
n
s]

Figure 4: Experimentally determined diffusion coef-
ficients Di

exp as a function of the corresponding cal-
culated diffusion coefficients Di

theo according to the
model by Wang and Brady38 as explained in the text.
Filled blue squares and filled orange points represent
the experimental diffusion coefficients of BSA and Ig,
respectively. Note that the confidence bounds on the
fits depend on the mixing ratio. In samples with a
very low volume fraction of one component, these re-
sult in large error bars on the symbols.

have not considered the non-isotropic shape of the
Ig proteins and their possible patchy interactions, al-
though both anisotropy and charge-mediated inter-
actions have been shown to influence protein-protein
interactions in the short-time limit9,69. We attribute
the high consistency of our results with a picture of
purely hydrodynamic interactions to the fact that our
Ig is polyclonal, thus featuring many different charge

patterns and resulting in no net large effect of the
overall patchy interactions, and to self-buffering of
the protein solutions at high concentrations62.

Due to the restricted energy range of the spectrom-
eter, a further separation of the internal dynamics
contributions, which are significantly faster than the
center-of-mass diffusion, is not possible. In Figure 5
the averaged EISF is shown for the different samples
investigated. We used previously established models
to describe the q dependence44:

EISF(q) = p+(1− p) ·
(ϕ ·A3 j(q)+(1−ϕ) ·As(q)) (13)

A3 j(q) =
1
3
(1+2 j0(qa)) (14)

As(q) =

∣∣∣∣3 j1(qR)
qR

∣∣∣∣2 (15)

with a= 1.715 Å being the averaged distance between
the hydrogens in the methyl group to fit the EISF.
The dependence of p,ϕ and R on the mixing ratio y
are shown in Figure 5. The width of the Lorentzian
describing the averaged internal diffusion is approx-
imated by a jump diffusion model to describe the q
dependencies. The corresponding fits and their re-
sults are shown in Figure S5 in the Supporting In-
formation. While the parameters for the EISF p and
ϕ show trends as a function of y, the jump diffusion
parameters, namely the residence time τ as well as
the diffusion coefficient of Dint , stay nearly constant
at τ ≈ 0.1 ns and Dint ≈ 100 Å2/ns, respectively, as
shown in Figure S5. Also, R remains nearly constant
close to the value of 10Å. Therefore, average pro-
tein dynamics between BSA and Ig as seen by QENS
appear to be rather similar. Otherwise, one would
see random jumps in the internal dynamics when the
mixing ratio is varied.

From a biological point of view, the observation
presented in this work is particularly interesting for
cases in which reactions are limited or enhanced by
diffusion and crowded settings70. Examples are red
blood cells, where the slow long-time diffusion of con-
centrated hemoglobin was recently suggested to be
crucial in maximizing the oxygen capture at the cell
level during the time spent near the alveolar sac71 or
the DNA replication, where nucleotides are diffusing
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Figure 5: Averaged EISF as a function of q of the
different samples investigated. Fits of Equation 13
are shown as solid lines. Figures b-d represent the
fit parameters p,ϕ and R as a function of the mixing
ratio y. Red dashed lines are guides to the eye.

towards the DNA polymerase which are then used
to complement the second new complementary DNA
strand72.

Conclusions
Using quasi-elastic neutron scattering, we have
probed the self-diffusion of proteins in crowded bidis-
perse supsensions at mixing compositions which were
precisely set by the design of the experiment. This
design constitutes a minimal model system to study

effects of polydispersity in a controllable manner. We
have provided a benchmark for the analysis of high
resolution quasi-elastic neutron scattering spectra by
accounting for two distinct proteins in aqueous so-
lution in our model scattering function. We success-
fully obtained the apparent global center-of-mass dif-
fusion coefficients for both proteins. In addition, the
averaged internal diffusion contributions were sepa-
rated from the signal. Within the experimental accu-
racy, we find quantitative agreement between the cor-
responding colloid model system of bidisperse hard
spheres and the experimental results for the protein
center-of-mass short-time self-diffusion. In particu-
lar, there are significant deviations of the diffusion
for each component in the mixture when compared to
the monodisperse case both in experiment and colloid
theory. This short-time diffusion on the nanosecond
time scale, where hydrodynamic interactions domi-
nate, constitutes an important quantity for both the
cellular function and for the calibration of long-time
diffusion. Our results illustrate the predictive power
of colloid hard sphere models for protein diffusion
on the observation scale of short-time diffusion for
the situation of two distinct protein sizes. These re-
sults contribute to a better understanding of the role
of macromolecular polydispersity in living systems.
This polydispersity and resulting dispersion of diffu-
sion rates influences the diffusive transport in living
cells and, thus, their function.
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