
This journal is©The Royal Society of Chemistry 2020 Soft Matter, 2020, 16, 7751--7759 | 7751

Cite this: SoftMatter, 2020,

16, 7751

Packing and dynamics of a protein solution
approaching the jammed state†

Nafisa Begam, *a Stefano Da Vela, ‡a Olga Matsarskaia, §a Michal K. Braun,a

Alessandro Mariani, ¶b Fajun Zhang *a and Frank Schreiber a

The packing of proteins and their collective behavior in crowded media is crucial for the understanding

of biological processes. Here we study the structural and dynamical evolution of solutions of the

globular protein bovine serum albumin with increasing concentration via drying using small angle X-ray

scattering and dynamic light scattering. We probe an evolving correlation peak on the scattering profile,

corresponding to the inter-protein distance, x, which decreases following a power law of the protein

volume fraction, f. The rate of decrease in x becomes faster above a protein concentration of

B200 mg ml�1 (f = 0.15). The power law exponent changes from 0.33, which is typical of colloidal or

protein solutions, to 0.41. During the entire drying process, we observe the development and the

growth of two-step relaxation dynamics with increasing f as revealed by dynamic light scattering. We

find three different regimes of the dependence of x as a function of f. In the dilute regime (f o 0.22),

protein molecules are far apart from each other compared to their size. In this case, the dynamics

mainly corresponds to Brownian motion. At an intermediate concentration (0.22 o f o 0.47), inter-

protein distances become comparable to the size of protein molecules, leading to a preferential

orientation of the ellipsoidal protein molecules along with a possible deformation. In this regime, the

dynamics shows two distinct relaxation times. At a very high concentration (f 4 0.47), the system

reaches a jammed state. Subsequently, the secondary relaxation time in this state becomes extremely

slow. In this state, the protein molecules have approximately one hydration layer. This study contributes

to the understanding of protein molecular packing in crowded environments and the phenomenon of

density-driven jamming for soft matter systems.

1 Introduction

The properties of concentrated protein solutions have a sub-
stantial impact on the application of biopolymeric materials in
pharmaceutics,1–3 preservation of biological materials,4,5 and
foods.6,7 Understanding the structural properties of proteins in
a concentrated medium is therefore essential to research areas
concerned with human health.8 The presence of crowding agents
has been shown to influence protein–protein interactions, and
the aggregation of proteins.9–11 The crowded environment
in living cells with a macromolecular volume fraction of up to

40% has a relevant impact on the effective structural conforma-
tion of proteins. In such an environment, the typical inter-
molecular distance can be smaller than the native size of
the protein molecules in dilute solutions.12 In addition to
structural changes, experimental results have demonstrated a
strong effect of macromolecular crowding on many biological
processes.8,13,14 Enhancement of reaction rates and a subse-
quent reduction in excluded volume was attributed to crowding
in a review article by Zhou et al.15 A change in the shape of
aspherical proteins due to crowding was reported in a study
combining experimental results with computational studies by
Homouz et al.12 However, a clear understanding of the struc-
tural packing of globular proteins in a crowded medium is still
to be obtained. In this context, a very important factor is the
protein hydration shell,16,17 which consists of one or few water
layers surrounding the protein molecule that interact with it. It
thus plays a major role in determining protein stability and
functions. Investigation of the protein hydration shell benefits
the interpretation of many biophysical experimental results
obtained by techniques such as NMR spectroscopy, X-ray
crystallography and neutron diffraction.
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Apart from structural effects, transport properties of globular
proteins in a crowded medium are crucial since protein diffusion
has a strong impact on their functions.18 Therefore, a systematic
understanding of the influence of concentration on protein
dynamics is essential.19,20 Neutron scattering studies revealed a
robust reduction in the self-diffusion coefficients as a function of
volume fraction of the protein bovine serum albumin (BSA),20,21

whereas a dynamic light scattering study on bovine lens homo-
genate over a large range of concentrations disclosed the influ-
ence of crowding on the self- and the collective diffusion
coefficients and attributed this effect to the dominating direct
inter-protein interaction at high volume fractions.22,23 Never-
theless, a connection between structural packing and slow
dynamics at volume fractions near a jammed state for a globular
protein system is still not well established.

Globular proteins, in principle, can be viewed as being
similar to colloidal systems and there have been several
approaches to understand their phase behavior in a colloidal
picture.24–27 In the case of hard spheres, the elastic modulus
diverges at a volume fraction of 0.64, leading to a jammed
state28–30 and the close packed structure is reflected in a strong
structure factor peak.31 A successful explanation of this pheno-
menon in the hard sphere model is achieved by mode-coupling
theory which suggests that the dynamical arrest of the system
occurs due to coupling of different fluctuation modes.32 With
an attractive interaction between the particles, this transition
to arrest occurs even earlier.33,34 However, hard colloids, as
opposed to proteins, do not change their shape upon external
crowding.12,35 Proteins, in contrast, are more similar to soft
colloids which can compress, deform and interpenetrate.36 In
addition, soft colloids have also been found to reach a jammed
state similar to that of hard spheres.37–41 Along these lines, the
formation of a dynamically arrested state of hard spheres with a
soft interaction potential has been successfully applied to
concentrated protein solutions.42 However, a comprehensive
picture of protein packing in a jammed/glassy state is yet to be
established.

This topic inspired us to investigate the structural and
dynamical evolution of aqueous protein solutions while
approaching the ‘‘critical’’ volume fraction near the jammed
state and to understand the influence of protein softness on
this process. In this report, we study the structural and the
dynamical evolution of BSA in aqueous solution, without
additives, during evaporation of the solvent leading to a gradual
increase in BSA concentration. BSA is a globular protein with a
shape which can be roughly described by an ellipsoid.21 The dry
BSA dimensions are 1.25 � 4.19 � 4.19 nm3 (ref. 43). However,
in spite of its non-spherical shape, BSA has been often
described successfully as a spherical particle with a radius of
3.3–3.7 nm and has a volume of 88–92 nm3 (ref. 44–47). Likely
due to the self-buffering of BSA molecules48,49 in solution, the
pH of the solution remains at ca. 6.8 over a large concentration
range. In the current study, throughout solvent evaporation, the
system preserves a homogeneous, transparent appearance.
A monotonic decrease of the correlation length scale (inter-
protein distance) is observed. Upon further increase of volume

fraction, the decrease of the correlation length scale slows down. The
system eventually reaches a jammed state beyond a ‘‘critical’’ volume
fraction, fc. Our results indicate two-step relaxation dynamics at
high volume fractions suggesting caged motion of the protein
molecules where the relaxation time follows Vogel–Fulcher–
Tammann (VFT) relation as a function of volume fraction.50,51

2 Experimental section

BSA was purchased from Sigma Aldrich (A7906) and was used
as received. It was dissolved in de-gassed de-ionized water
(18 MO cm, MilliQ, Merck, Darmstadt) and stored overnight
at 4 1C to obtain a homogeneous solution. The concentration
of the stock solution was determined by UV-vis absorption at
l = 280 nm and was equal to 320 mg ml�1.52 The extinction
coefficient used for the concentration determination was
0.667 mg�1 ml cm�1 (ref. 52 and 53). A film was made from
this solution by dipping a metal ring into the solution. The
metal ring is shown in the inset of Fig. 1(b). Small angle X-ray
scattering (SAXS) experiments were performed on this film by
mounting it on the SAXS sample stage of our home SAXS
instrument (Xeuss 2.0, Xenocs, France) as well as on beamline
ID02 of the ESRF (Grenoble, France) at room temperature. In
order to calibrate the structure factor peak at different volume
fractions of BSA, we prepared a series of solutions over a range
of concentrations by diluting the stock solution with de-ionized
water. The exact BSA concentration, cp, of each solution was
obtained by UV-vis absorption spectroscopy. For SAXS experi-
ments on ID02, the solutions were filled into quartz capillaries

Fig. 1 (a) SAXS profiles of BSA solutions at different concentrations
collected at ID02 and (b) corresponding structure factors, S(q) (see ESI,†
Fig. S1 and S2). cp of the solutions are given in the legend in mg ml�1.
(c) Time series of SAXS profiles collected during the evaporation of BSA
(collected at ID02) and (d) S(q) showing the evolution of the correlation
peak with evaporation time (indicated by arrow). The first SAXS profile is
collected at time tstart = 3 min and successive SAXS profiles are collected at
time intervals of Dt = 2 min. Inset shows a photograph of the metal ring
used for the SAXS measurements.
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with a diameter of 2 mm. The X-ray energy was 12.46 keV, the
wavelength, l was 0.998 Å, the sample to detector distance was
2.3 m, the exposure time was 0.5 s for each measurement, and

the scattering wave vector transfer q (¼ 4p sin y
l

, where l is the

wavelength of the incident X-ray beam and 2y is the scattering
angle) range was 0.017–3.8 nm�1. For the experiment on the
home SAXS setup, l was 1.54 Å, the sample to detector distance
was 1.6 m, the exposure time was 300 s for each measurement,
and the q range was 0.06 to 3.0 nm�1.

Dynamic light scattering (DLS) measurements were per-
formed on the BSA solutions (at room temperature) to investi-
gate the dynamics54 using an ALV-CGS3 setup (Germany). The
wavelength of the incident light was l = 632.8 nm. The solu-
tions were filled into glass cuvettes with a diameter of 10 mm
and placed into the sample chamber. DLS probes the intensity
auto-correlation function, g2(t) given by55

g2ðtÞ ¼
I t0ð ÞI t0 þ tð Þh i

I t0ð Þh i2 (1)

where I(t0) is the scattered intensity recorded at time t0. The
characteristic relaxation time t, probed at the length scale of

2p/q (where q ¼ 4pn
l

sin y, n being the refractive index of the

solvent, water in this case) can be determined using the
Kohlrausch–Williams–Watts (KWW) equation56,57

g2(t) = 1 + b exp[�2(t/t)g] (2)

where g is the stretching exponent and b is the instrumental
factor. In the case of two-component dynamics, the above
equation can be expressed as

g2(t) = 1 + b{A1 exp[�2(t/t1)g1] + A2 exp[�2(t/t2)g2]} (3)

where the fast and slow components in the dynamics, here
tentatively related to individual protein molecules and aggre-
gates, are denoted by 1 and 2, respectively.

The initial concentration of the solution investigated by DLS
was cp = 317 mg ml�1. Consecutive DLS experiments were
performed on it during the drying process. After each measure-
ment, the solution was kept under a fume hood with laminar
flow to allow for solvent evaporation. The total weight of the
solution was simultaneously recorded to estimate the amount
of water evaporated during this process and thus determine the
concentration of the solution at the time of each DLS measure-
ment. In order to avoid the development of any concentration
gradient inside the solution, we kept the evaporation rate low
(approximately 23 mg per day). However, towards the end of the
measurement series (after 35–40 days), a concentration gradi-
ent was observed along the wall of the cuvette. At this point, the
measurements were terminated.

The volume fraction dependence of the relaxation time was
also determined (at low f) by performing DLS measurements
on a series of dilute BSA solutions of known concentrations.
The data collected on a such series of solutions combined with
that collected on the drying sample (presented in Section 4)
allow us to obtain g2(t) over a wide range of f (0.003–0.43).

3 Results and discussion

SAXS intensity profiles as a function of q for different protein
concentrations are shown in Fig. 1(a).58 The scattering profile
collected on a capillary filled with water was used for the
background correction for this data set. The structure factors
S(q) are shown in Fig. 1(b), where the peak position qmax

is related to the characteristic length scale of the solution,
x = 2p/qmax. qmax is found to increase as cp increases. This
implies that x, i.e. the inter-protein distance, decreases with
increasing cp. This observation is, of course, in line with the
results obtained on colloidal systems.59,60

We note that the structure factors might be influenced by
the solution pH, ionic strength or the generally non-spherical
shape of proteins. Nevertheless, it has been shown that the
intensity profile of a system consisting of ellipsoidal particles
can be modeled using a system of spherical particles with
a finite size distribution61 for the present purpose. This
means that spherical models with a finite size distribution
and ellipsoidal models lead to very similar results. In addition,
the pH value in the current study was found to stabilize at
ca. 6.8 for cp values between 27–301 mg ml�1 (see Fig. S3, ESI†).
The pH of the solution is hence not expected to significantly
change the effective diameter of the native BSA molecules with
changing cp.45

Ideally, one might wish to study x near the glass transition of
BSA. However, obtaining a protein solution with such a high
volume fraction is rather cumbersome.45 Therefore, we per-
formed in situ SAXS measurements while letting the water
evaporate from the solution (‘‘drying’’ the film on the metal
ring) which increases the volume fraction. The evaporation
experiment was performed in air at a temperature of 21 1C
and at B40% humidity (conditions at ID02). The intensity
profiles during drying of the solution over time are shown in
Fig. 1(c). In this case, the scattering profile after complete
evaporation of the sample, which is essentially flat, was used
for background correction. The SAXS profiles were taken in
time intervals of 2 min. S(q) obtained during the drying process
represented in Fig. 1(d) shows a gradual shifting of the peak to
higher q, indicating a reduction of x with time as a result of
increasing volume fraction. The peak eventually disappears,
suggesting that an essentially homogeneous state is reached.
The decrease in overall intensity is possibly due to the gradual
reduction in the electron density contrast. In order to quantify
the propagation of x, we plotted x vs. time as well as protein
concentration, cp which is summarized in Fig. 2.

The black circles in Fig. 2 represent the cp dependence of x
(obtained from S(q), Fig. 1(b)) as a power law of cp, initially with
an exponent of 0.33 (see ref. 59, 60 and 62). The fit of this part
of the data is represented by the red line. At later stages, the
slope changes to B0.41 at cp B 200 mg ml�1 and the fit is
represented by the green line. Measurements using the labora-
tory SAXS instrument (Fig. S4, ESI†) also show a similar
behavior of x in terms of values and the power law of q, which
reproduces the results regardless of the experimental condi-
tions. Note that the exponent larger than 1/3 at high
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concentrations is possibly due to the combination of the
screening effect of the counterions (released from proteins), the
ellipsoidal shape of BSA and its deformation at a high packing
density.37,63 The power law dependence is better visualized in
Fig. S5 (ESI†) showing the calibration curve on a linear scale. The
length scale varies by more than a factor of 2 in the concentration
range of 27–301 mg ml�1 and two distinct power law behaviors can
be observed here. For comparison, we have also modeled the full
range of data with a single power law and obtained an exponent of
0.36 (Fig. S6 and S7, ESI†). The presence of two distinct power laws
in x vs. cp plot could also be observed when extracting the qmax from
the SAXS intensity profile as shown in Fig. S8 (ESI†).

The time dependence of x, obtained from S(q) during drying,
is represented by the blue diamonds in Fig. 2. It is interesting to
observe that, in the beginning of the drying process, x, (= 5.7 nm)
is already smaller than the molecular size of a native BSA
protein, s (6.8 nm)44 and eventually decreases to a value
of 4.6 nm. In the limiting case, if we were to assume a face
centred cubic (fcc)-like packing of molecules,64 on average, in
the beginning of drying, we obtain the lattice constant a as

a ¼
ffiffiffi
2
p
� x ¼

ffiffiffi
2
p
� 5:7 ¼ 8:1 nm (4)

This implies a volume per BSA molecule

VBSA ¼
1

4
� 8:13 nm3 ¼ 133 nm3 (5)

Although at this packing, the inter-particle distance is
smaller than the native BSA monomer diameter, the effective
volume for each BSA molecule is still higher than the native

volume of 81 nm3 (calculation shown in the ESI†)65 in dilute
solutions. This could be due to a combined effect of alignment
of the ellipsoidal BSA molecules in such a way that the inter-
protein distance is smaller than the average size of the mole-
cules and also the deformation of the molecules. At the highest
volume fraction, the length scale x = 4.6 nm implies a mole-
cular volume of 69 nm3 which is smaller than the dry volume
(81 nm3) and is, thus, not possible in the current experimental
condition. However, the x (= 5.58 nm) obtained instead from
I(q) (see Fig. S8, ESI†) implies VBSA = 123 nm3 which is close to
some experimental volumes of hydrated BSA. Such a difference
in the values of x and hence in VBSA could be due to the fact that
the determination of qmax from S(q) leads to a systematic shift
in qmax (see Fig. S2, ESI†) as the peak intensity is significantly
reduced, and the packing is possibly different from fcc at a very
high volume fraction (such as in the dried state). As a next step,
we aimed at determining the volume fraction at which the
regime with x o s was observed.

For this purpose, we used the power law which was found
from the concentration calibration at higher concentrations.
Hence, the cp corresponding to each x during the drying
process was estimated from the power law (Fig. 2)

x B cp
�0.41 � 0.02 (6)

From this relation, we estimated the volume fraction (f)
of the system using the relation f = cp � Vs, where Vs = 0.735
(in cm3 g�1) is the specific volume of BSA65,66 (cp in g ml�1).
The evolution of cp and f as a function of drying time is
summarized in Fig. 3(a).

Fig. 2 x as a function of cp (black circles) estimated from independent
SAXS measurements performed at different concentrations (top x-axis) of
BSA exhibits a power law, x B cp

a, with a = 0.33 (red line) and 0.41 (green
line) for cp below and above 200 mg ml�1, respectively, and x (blue
diamonds) as a function of drying time (bottom x-axis). The black dashed
line illustrates how each x relates to its corresponding cp value. Error bars
are smaller than the symbols. Standard deviations of a obtained from the
fits are very small and are thus possibly under-estimated.

Fig. 3 (a) Volume fraction of the BSA solutions, estimated from a power
law dependence of x (obtained from S(q)) on solution concentrations as a
function of drying time revealing three different regimes identified in this
work: liquid state at low volume fraction, jammed at high volume fraction
and intermediate state (with green background) with possible orientation
and deformation of the molecules, (b) number of water layers as a function
of drying time. For comparison, volume fractions and number of water
layers as a function of drying time estimated from I(q) are shown in (c) and
(d), respectively. Inset shows a photograph of the transparent sample after
complete solvent evaporation.
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The entire evaporation process suggests three distinct regimes
(indicated as (1), (2), (3) in Fig. 3(a)). An experimental report45 on
BSA viscosity measurements with varying volume fraction suggests
a glass-like transition with a kinetic arrest at a mass fraction of 0.55,
which corresponds to fE 0.47 (calculation shown in ESI†). Beyond
a mass fraction of 0.6 (f E 0.52), the material was observed to
behave like a solid. Therefore, regime (3) beyond a volume fraction
of 0.47 is marked as a jammed state in the current study. It is
possible that the water evaporation kinetics (rate of evaporation)
influences the shape of the x versus time plot. However, the
absolute value of f (which is very high) obtained from x (using
eqn (6)) as well as stopping of the growth of f indicates such solid-
like behavior. The lower volume fractions (the calibration regime in
the present study) yield a regime where molecules are in their
native shape as marked in Fig. 3(a).45

Interestingly, there is a crossover point at which x becomes
smaller than the protein diameter, 6.8 nm (in particular, at the end
of the calibration). In Fig. 3(a), this transition (from regime (1)
to (2)), as obtained from S(q), is indicated at f B 0.22 (at cp B
300 mg ml�1, determined from the calibration). We have deter-
mined the volume fractions during drying from I(q) as well, which
are shown in Fig. 3(c). In this case, the transition is indicated at
fB 0.35. A steady decrease in inter-protein distance is observed up
to this volume fraction. At this ‘‘critical volume fraction’’, the
system enters the regime with x smaller than the molecular size,
possibly due to orientation and deformation of the molecules due
to the soft inter-protein interactions.67 The drop of the scattering
intensity to zero in the case of various systems has been considered
as the signature of a homogeneous state.62,68 In the current study,
at a f higher than 0.52 (regime (3)), the peak evolution slows down
significantly and the intensity drops to almost zero. This is possibly
due to the homogenization as well as solidification of the system at
such a high volume fraction. As the volume fraction increases, the
deformation and interpenetration of proteins lead to a homoge-
neous state and the electron density contrast decreases. As a result,
the SAXS correlation peak disappears at a certain time. Note that
the phase behavior of BSA during drying obtained directly from I(q)
is similar to that obtained from S(q) implying that both methods
reflect the same behavior.

The inter-particle distance in a colloidal suspension has
been proposed (ref. 69 and 70) to follow a slightly different

relation, x ¼ 2:25p
qmax

(ref. 69 and 70) approaching a jammed state.

We recalculated x using this relation and show the values thus
obtained in the ESI† (Fig. S9). Also in this case, the distance x
decreases to a length smaller than s (at f = 0.3), likewise
indicating the potential influence of the non-spherical shape
or of the deformation of the molecule. Particles of ellipsoidal
shape can pack more densely than spherical ones, and their
volume fraction can reach up to 0.68–0.74 (ref. 37, 63 and 71).
On the other hand, the deformation of soft particles can lead a
system to even much higher volume fraction than its jamming
transition.37,38,72 In the current study, the molecular packing is
possibly influenced by both ellipsoidal shape as well as the
deformation which leads to an exponent higher than 1/3 of the
power law dependence of x on cp.

We further estimated the hydration level at this stage using
experimentally determined dimensions of the bare BSA and the
hydrated BSA, approximated as ellipsoids, which are,43

V(exp)
bare B 1.25 � 4.19 � 4.19 nm3 (7)

and

V(exp)
hydr B 1.7 � 4.2 � 4.2 nm3. (8)

Therefore, the volume fraction of one water layer around one
BSA molecule is

fhydr ¼
V
ðexpÞ
hydr � V

ðexpÞ
bare

V
ðexpÞ
bare

¼ 36:6% (9)

The water volume fraction (1 � f) was divided by this value to
estimate the number of water layers (Fig. 3(b)). As expected, the
number of water layers decreases with drying time. Eventually,
approximately 1 water molecule layer per BSA molecule is
present at the highest concentration. The decrease of the
small-angle scattering intensity to the background level (i.e.
disappearance of the contrast) at the highest BSA concentration
(dried sample) points to a homogeneous state. This could be
due to the very low electron density contrast between protein
molecules and the remaining one layer of hydration shell.43,73

On the other hand, in their dried state, the protein molecules
seem to be homogeneously distributed through partial orienta-
tion, deformation or interpenetration of the molecules. Studies
have also shown that for dry proteins or low water fraction, the
plasticization by water is stronger, making the molecule swell.17

Therefore, in the dried state, the water molecules could also be
homogeneously distributed over the matrix of more exposed
protein molecules due to their interpenetration instead of
forming a complete shell around each protein molecule.

In order to cross-check the validity of the estimated cp during
evaporation from the SAXS data using the power law relation
between x and cp (eqn (6)), we performed cp measurements as a
function of evaporation time under different environmental
conditions. We used a balance equipped with a weighing
chamber. The BSA film was made on the metal ring as was
done for the SAXS measurements and placed on the balance.
The mass of the solution was monitored over time. This
measurement was performed with the weighing chamber of
the balance closed, open (both are under ambient conditions)
as well as under N2 (flow) atmosphere.

The protein concentration during drying is determined as
follows. We assume that the weighing measurement started
with a mass of m1 (g) of a BSA solution of concentration cp1 and
after a certain drying time the mass is measured to be m2 (g).
Then the mass of BSA (in g) in the solution is

m1BSA ¼
m1 � VH2O

s

1

cp1
� Vs þ VH2O

s

� �: (10)

Here, m1 = m1BSA + m1H2O, where m1H2O is the mass of water in

m1 g of solution, and cp1 ¼
m1BSA

m1BSA � Vsð Þ þ m1H2O � VH2O
s

� �,
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where Vs is the specific volume of BSA (0.735 cm3 g�1) and VH2O
s

is the specific volume of water which is assumed as 1 (cm3 g�1).
Therefore, the new concentration (in g ml�1) is,

cp2 ¼
m1BSA

m1BSA � Vsð Þ þ m2H2O � VH2O
s

� � (11)

where, m2H2O = m2 � m1BSA.
The evolution of the solution concentration estimated from this

measurement is shown in Fig. 4 along with the cp profile obtained
from the SAXS measurements. Interestingly, the cp profile obtained
from SAXS approximately follows a similar evolution of concen-
tration with time (see the data obtained in the open chamber).
Although the initial SAXS data points show deviations from those
obtained in the open chamber and under N2 atmosphere, the cp

values approximately match at a later stage. The changes in the
shape of the curves (compressed or stretched) are simply due to the
difference in the solvent evaporation rates under different atmo-
spheres. These results support the validity of the power law relation
used to estimate cp from the SAXS profiles. Note that dry BSA can
reach a f as high as ca. 0.74. This value can be even higher if the
solution is dried under N2 atmosphere. Importantly, using our
SAXS data, we were able to perform concentration calculations until
a cp range sufficiently high to observe jamming, i.e., when the
correlation peak disappears. In addition, Fig. 4 indicates that,
although the cp obtained from I(q) (green circles) and those
obtained from the corresponding S(q) (blue squares) are different
in the initial stage, they are approximately the same in later stages.

4 Dynamics of the protein solution
with increasing /

As a consequence of the structural transition to a jammed state,
the microscopic dynamics has been found to slow down
enormously in a colloidal or polymeric system.74,75 In the
present case, to understand the impact of the structural evolu-
tion while increasing the volume fraction, we studied the

equilibrium dynamics of the aqueous BSA solution during
drying using DLS measurements. g2(t) functions collected on
the individual solutions of different concentrations and those
collected on the drying sample are shown in Fig. 5(a and b) at
2y = 901. The concentration of the drying sample on the first
day of measurements is 317 mg ml�1 (f = 0.23) as mentioned
previously. A monotonic evolution of the dynamics as the
concentration (or f) increases is observed. At low cp, g2(t)
primarily shows a single decay in the measured time window

Fig. 4 Comparison of the cp estimation from S(q) (blue squares), I(q)
(green circles), and weighing measurements in the closed cover (magenta
dashed line), in the open cover (red solid line) and under N2 atmosphere
(black dashed-dotted line) as a function of evaporation time.

Fig. 5 Representative correlation functions (a) at different concentrations
(in mg ml�1) as indicated in the legends (collected on the individual
solutions) and (b) at different evaporation times (in days) as indicated in
the legends (collected on the drying sample). The arrow indicates the
evaporation time (and hence f which increases with time). The solid lines
indicate the fits to eqn (3). (c) t1 (filled squares) and t2 (open squares) as a
function of f obtained from DLS measurements on the individual solutions
(black symbols) and the drying sample (red symbols) at q = 0.019 nm�1

(corresponding to 2y = 901). Error bars are smaller than the symbols. Inset
shows the total weight of the solution, during evaporation, as a function of
evaporation time (in days).
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of ms to thousands of seconds. As f increases, g2(t) develops a
distinct two-step relaxation decay suggesting a caged motion of
the protein molecules.30 Note that the first g2 collected on the
drying sample (i.e. at cp = 317 mg ml�1) shows a pronounced
secondary relaxation decay whereas g2 obtained from the
solution with a cp of 280 mg ml�1 shows a weak secondary
relaxation (for better visualization see Fig. S10 in the ESI†). This
implies that the secondary mode becomes prominent near or
before cp = 317 mg ml�1 (f = 0.23) which could correspond to the
first transition from regime (1) to (2) observed (at f = 0.22) in the
SAXS data (see Fig. 3). Such a pronounced secondary relaxation is
likely due to the correlated motion of the molecules which have a
preferential orientation or are deformed in regime (2).

The change in solution weight due to the evaporation of
water during the drying as a function of time is shown in the
inset of Fig. 5(c). From this data, using the method described in
the ESI,† we estimated the respective cp as well as f values
which are used for further analysis. t values extracted from the
best fit of g2(t) (black solid lines in Fig. 5(a and b)) are shown in
Fig. 5(c). Both fast (t1) and slow (t2) modes increase with
increasing f. Especially the rapid increase of t2, reflecting the
a relaxation of the system,30 as a function of f seems to be well
described by the Vogel–Fulcher–Tammann (VFT)50,51 relation.

Fig. 6(a) shows g1 and g2 vs. f plots for both decays. The fast
component (g1) shows an exponential behavior (with g E 1)
suggesting Brownian dynamics.56 On the other hand, the slow
component (g2) shows a stretched exponential behavior (g2 { 1)
indicating a slow cooperative dynamics.77 Such a stretched expo-
nential dynamics, often observed in a glass former,78 and the
rapid growth of t2 with f led us to compare the present dynamics
with the VFT relation. We averaged several t2 vs. f curves obtained
at different q values and fitted with the VFT equation79

log t2ð Þ ¼ log t0ð Þ þ
A

f� fc

(12)

where fc is the VFT critical volume fraction, t0 is the pre-
exponential constant, and A is the fragility parameter. The aver-
aged t as a function of f along with the average VFT fit are shown
in Fig. 6(b). The transition volume fraction obtained from the VFT
fit is fc = 0.49 corresponding to the jamming which is in good
agreement with ref. 45 reporting a kinetic arrest at f = 0.47. At this
stage, the second component of the dynamics (t2) becomes
extremely high, confirming the presence of a jammed state.

The overall behavior of the system as a function of volume
fraction is illustrated schematically in Fig. 7. In regime (1), the
molecules are in a solution with a clear correlation peak in I(q)
and in S(q). In this case, the dynamics mainly exhibits a single
component relaxation decay as shown in the bottom panel of
Fig. 7 (regime (1)). In regime (2), the solution consists of
molecules oriented or deformed and the peak intensity
decreases. The dynamics here shows a pronounced two-step
relaxation decay (see bottom panel of Fig. 7 (regime (2))). In
regime (3), the molecules form a jammed state due to which the
density contrast as well as the correlation peak disappears. In
this case, the secondary relaxation becomes extremely slow (see
bottom panel of Fig. 7 (regime (3))).

5 Conclusions

In conclusion, we have studied the packing and the dynamics
of the globular protein bovine serum albumin in solution as a
function of concentration (cp) or volume fraction (f) via solvent
evaporation. We probed the evolution of the inter-protein

Fig. 6 (a) g1 (black squares) and g2 (red circles), obtained from the fits in
Fig. 5(a and b), as a function of f showing exponential and stretched
exponential relaxation dynamics, respectively. (b) t2 averaged over differ-
ent q values as a function of f, along with the VFT fit exhibiting the VFT
critical volume fraction of 0.49.

Fig. 7 Schematic illustration of protein molecules in three different
regimes; regime (1): dilute state with x 4 s, regime (2): x o s and regime
(3): jammed state (protein structure taken from PDB 3V0376).
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distance, x, obtained from small angle X-ray scattering experi-
ments. We observed x to follow a power law as a function
of cp, initially with an exponent of 0.33 which corresponds
to literature values and, at a later stage, with an exponent
of 0.41 showing a deviation from the usual behavior at cp B
200 mg ml�1 (f = 0.15). We further observed three different
regimes of the evolution of x with increasing f. Starting from a
regime (1) (f o 0.22), where the intermolecular distance is
larger than the size of an individual protein molecule and the
dynamics primarily shows a single relaxation decay suggesting
Brownian motion, the solution reaches an intermediate
regime with molecular orientation and deformation where
0.22 o f o 0.47. In this regime the inter-protein distance
becomes smaller than the native protein diameter and the
dynamics exhibits a clear two-step relaxation decay. In the third
regime, beyond f B 0.47, the SAXS correlation peak slowly
disappears. In this regime, the growth of f slows down and
eventually becomes stationary at f B 0.55. The secondary
relaxation time reaches an extremely high value which is
interpreted as the jammed state of the solution with approxi-
mately one hydration layer around each protein molecule. This
study establishes a connection between the evolution of struc-
tural packing and microscopic dynamics with increasing
volume fraction in an aqueous globular protein solution.
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