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Dynamic Critical Phenomena in Aqueous Protein Solutions
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We report our use of quasielastic light scattering to characterize concentration fluctuations in aqueous
solutions ofgII-crystallin along the critical isochore. We find that the wave number and temperature
dependence of the average rate of decay of the concentration fluctuations are consistent with the theory
for critical dynamics in binary liquid mixtures only if we allow both the background viscosity and
the background contribution to the decay rate to be unusually large. Furthermore, in contrast to
the behavior seen in binary liquid mixtures, we find that the concentration fluctuations exhibit very
significant deviation from exponential decay.

PACS numbers: 87.15.–v, 64.60.Ht, 64.70.Ja, 82.70.–y
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An aqueous protein solution is a binary mixture o
large particles (protein molecules) and small particle
(water molecules). In contrast, a binary liquid mixtur
is a mixture of two different kinds of particles that are
approximately the same size. Thus, a comparison
the critical behavior in these two systems allows on
to determine the effect on critical behavior of a relativ
difference of size in the two kinds of particles in a binar
mixture.

The correlation lengthj, osmotic compressibilitykT ,
and coexistence curve of aqueous protein solutions
the vicinity of the critical point for liquid-liquid phase
separation have been reported recently [1–3]. The
experimental results established that the static critic
properties of these solutions are consistent with th
behavior of members of the static universality class
three-dimensional systems with short range interactio
and scalar order parameters. This universality cla
includes binary liquid mixtures.

In contrast to the equilibrium properties, the dynam
properties of aqueous protein solutions in the vicinity o
the critical point have not been investigated as thorough
In this Letter, we report our use of quasielastic light sca
tering (QLS) to investigate the time decay of spontaneo
concentration fluctuations, as a function of both wav
numberq of the fluctuations and temperatureT , along the
critical isochore of aqueous solutions of the bovine ey
lens proteingII-crystallin.

The only previous study of critical dynamics in a pro
tein solution of which we are aware is the work o
Ishimoto and Tanaka who made QLS measuremen
at a single fixed wave number of the fluctuations u
ing a 19 channel digital correlator on aqueous sol
tions of lysozyme [4] along the critical isochore for
sT 2 TcdyTc $ 5 3 1023 (qj , 0.1), whereTc is the crit-
ical temperature. The present study is a significant exp
imental advance over the work of Ishimoto and Tanak
in that (i) we obtain data for fluctuations at up to 12
different wave numbers, (ii) we obtain data using a 14
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channel digital correlator, and (iii) we obtain data muc
closer to the critical point [sT 2 TcdyTc $ 1.56 3 1024

andqj # 3.18].
The more thorough investigation of critical dynamics

presented here has revealed new and unexpected behav
Specifically, we find that the wave number and temper
ture dependence of the average rate of decay of the co
centration fluctuations are consistent with the theory fo
critical dynamics in binary liquid mixtures [5] only if we
allow both the background viscosity and the backgroun
contribution to the decay rate to be unusually large. Fu
thermore, in contrast to the behavior seen in binary liq
uid mixtures we find that the concentration fluctuation
exhibit very significant deviation from exponential decay
with time.

Of course, these protein solutions may be viewed a
strongly interacting colloidal dispersions. The theory o
the dynamics of colloidal dispersions has recently bee
advanced considerably by utilizing the generalized Smol
chowski equation. In particular, nonexponential decay o
the concentration fluctuations has been predicted for den
suspensions of hard spheres [6]. When attractive intera
tions are included, strong deviation from exponential de
cay has been predicted, to first order in the concentratio
for the time-dependent self-scattering function in the zer
wave number limit [7]. However, this approach has ye
to be extended to describe the dynamics in the vicinity o
the critical point.

BovinegII-crystallin is a compact globular protein with
a molecular weight of2.1 3 104 gymole and a diameter
of 35–55 Å [8]. In aqueous solution, the critical protein
volume fractionfc is 0.19 6 0.01 [2]. Previous work
has revealed that theTc of these solutions increases with
time [9,10]. This drift in Tc has been studied carefully
and a method for preparing the solutions has bee
developed that minimizes this drift [9,10]. Furthermore
this increase inTc with time has been found to be
completely prevented by the addition to the solutio
of the reducing agent dithiothreitol (DTT) [10]. The
© 1994 The American Physical Society
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addition of DTT to gII-crystallin in phosphate buffer
does not change eitherfc or the shape of the coexistence
curve [9].

In this Letter, we report the results of our measuremen
on two different samples ofgII-crystallin in 50 mM
phosphate buffer solution (ionic strength120 mM, pH
7.1, with 3 mM sodium azide). All solutions were
prepared as described previously [9,10]. One solution w
gII-crystallin in50 mM phosphate buffer (protein volume
fraction f  0.199 6 0.001) in a cylindrical scattering
cell (5.6 mm diam). All measurements on this samp
were performed within 100 h of its preparation, ove
which time Tc was found to increase by less than
0.1±. The other sample wasgII-crystallin in 50 mM
phosphate buffer with20 mM DTT (f  0.192 6 0.001)
in a rectangular scattering cell (1.85 mm optical pa
length). The addition of DTT to the second sampl
assured us that no significant change inTc would occur
during the course of measurements on this sample.
comparison of the results obtained on the two differe
samples thus allows us to demonstrate that the sm
increase inTc that occurred during the course of ou
measurements on the first sample does not affect o
results. In addition, since the two samples were studi
in different size scattering cells, a comparison of th
results obtained on the two different samples helps
to confirm that multiple light scattering does not affec
our results.

Both static and quasielastic light scattering measur
ments were made using an apparatus which is describe
detail elsewhere [11] and is based on the design of Hall
Destor, and Cannell [12]. This instrument is able to main
tain the sample temperature constant to within60.002±.
We used a vertically polarized helium-neon laser ope
ating at a wavelengthl of 6328 Å. The light scattered
by the sample was detected at up to 12 fixed angl
(11.50± # u # 163.36±).

The static light scattering measurements were us
to obtain kT and j along the critical isochore us-
ing a procedure described elsewhere [3,9]. These m
surements also provided us with very accurate valu
for Tc for each of the solutions studied. We found
that the osmotic compressibility for bothgII-crystallin
solutions was consistent withkT  k

0
T fsT 2 TcdyTcg2g.

For the solution in the 5.6 mm cell, we foundTc 
4.00 6 0.05 ±C, k

0
T  s7 6 1d 3 1028 cms2yg, and g 

1.19 6 0.05. For the solution in the 1.85 mm cell,
we found Tc  2.057 6 0.005 ±C , k

0
T  s7.3 6 0.5d 3

1028 cms2yg, and g  1.17 6 0.05. For the solution in
the 1.85 mm cell, we determinedj and found that it
was consistent withj  j0fsT 2 TcdyTcg2n with j0 
7 6 1 Å and n  0.61 6 0.06. These values fork0

T , g,
j0, and n are consistent with those of Schurtenberge
et al. [3]. We used the above results in our analysis o
the experimental data for the dynamics of these solutio
in the vicinity of the critical point.
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For the QLS measurements, we obtained the time a
tocorrelation function of the photocountsknsq, tdnsq, 0dl,
using a Langley-Ford (Amherst, MA) model 1096 cor
relator with 144 channels. Here, the photocountnsq, td
is the number of photons counted by the detector
a time interval betweent and t 1 Dt where Dt is the
sample time. The wave numberq  s4pmyld sinsuy2d,
where m is the refractive index of the sample andu is
the scattering angle. The last 16 channels of the co
relator were delayed by 1024 sample times. The sa
ple time was chosen so that the first 128 channels wou
span two average decay times of the correlation functi
(3.0 3 1026 # Dt # 2.8 3 1022 s). It can be shown [13]
that knsq, tdnsq, 0dl is related to the decay of spontaneou
fluctuations in the protein concentrationr by

knsq, tdnsq, 0dl
knsqdl2

 1 1 b

"
kr̂sq, tdr̂sq, 0dl

kjr̂sqdj2l

#2

, (1)

whereb is a constant between 0 and 1 that depends on
number of coherence areas subtended by the detector
r̂sq, td is the Fourier component ofr with wave number
q. The above relation holds provided that the scatterin
volume is much larger thanj3, which was always the case
for the experiments presented here.

For each correlation function, we have determined th
value ofknsqdl2 in two ways. First, we obtainedknsqdl2 by
taking an average of the number of counts in the delay
last 16 channels of the correlator. Second, we calculat
knsqdl2 as the square of the average of the photocoun
detected during the acquisition of the correlation functio
The two methods always provided values forknsqdl2 that
agreed within experimental uncertainty. In the analysis
the correlation functions, the second method of determ
ing knsqdl2 was always used.

For both protein solutions, we found that, in the vicinity
of the critical point,knsq, tdnsq, 0dl exhibited a significant
deviation from exponential decay with time at all wav
numbers studied. This deviation from exponential dec
is much larger than the very small deviation expected f
binary liquid mixtures [14]. However, it is interesting tha
large deviations from exponential decay of concentratio
fluctuations in the vicinity of the critical point have also
been reported for a water-in-oil microemulsion [15].

Nonexponential correlation functions may be chara
terized in terms of a distribution of decay ratesGsGid,
so that kr̂sq, tdr̂sq, 0dlykjr̂sqdj2l 

P
i GsGid exps2Gi td,

where
P

i GsGid  1. In order to obtain an estimate
for GsGid for each correlation function, we have use
a constrained regularization algorithm [16], which i
described in more detail elsewhere [9]. Representati
distributions of decay rates that we obtain from th
correlation functions are shown in Fig. 1. We found, fo
both solutions, that the distributions are extraordinari
broad at all wave numbers studied. In addition, as th
critical point is approached a second component in t
distribution appears with an average decay rate appro
199
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FIG. 1. Distribution of decay ratesG obtained from represen-
tative autocorrelation functions using the regularization alg
rithm. All correlation functions were obtained atq  1.04 3
105 cm21 (u  44.36±) using the solution in the 1.85 mm cell.
(a) T 2 Tc  7.943±, qj  0.06; (b) T 2 Tc  0.943±, qj 
0.23; (c) T 2 Tc  0.043±, qj  1.53.

mately an order of magnitude larger than that of th
major peak in the distribution. This second compone
never constitutes more than 5% of the total distributio
It is important to bear in mind that this small secon
component may arise because the regularization pro
dure erroneously separated a very broad distribution in
two peaks. Interestingly, a double-peaked distribution
decay rates is predicted for a dense suspension of h
spheres [6].

It is evident in this figure that the average rate of deca
decreases significantly as the critical point is approache
To characterize this critical slowing down, we hav

FIG. 2. The average decay rateG vs sT 2 TcdyTc at various
scattering anglesu for the solution in the 1.85 mm cell.
The solid curves were obtained using Eqs. (2) and (3) wi
hB  s1.3 6 0.4d 3 102hH2O andq21

C  s0.7 6 0.3d 3 103 Å.
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determined the average decay rateG of the concentration
fluctuations for each of the correlation functions that w
obtained. Figure 2 contains a plot ofG vs sT 2 TcdyTc

for all of the scattering anglesu studied for the solution in
the 1.85 mm cell.

To the best of our knowledge, no theory has been fo
mulated specifically for the critical dynamics of a bi
nary mixture of large and small particles. Howeve
sufficiently close to the critical point, the correlation
length becomes much larger than both the size of t
proteins and the distances between them. Under th
conditions, it is reasonable to expect that not only th
static but also the dynamic properties of the syste
will be universal. Therefore, we compare our data wit
the accepted theory for critical dynamics in binary liq
uid mixtures, which is based on the mode coupling a
proach of Kawasaki [5]. In this theory, the decay rat
G may be written asG  GB 1 GC , where GB and GC

are the background and the critical contributions, respe
tively, to G. The accepted expressions forGB and GC

are [17]

GB 
kBTq2

6phBj

√
1 1 q2j2

qCj

!
, (2)

GC 
kBTq2

6phj
Ksqjd

√
1 1

q2j2

4

!zhy2

, (3)

with Ksxd  s3y4x2df1 1 x2 1 sx3 2 x21d arctansxdg,
and qC a system-dependent constant with dimensio
of wave number that characterize the relative contr
bution of GB to the total decay rate. The viscosity
h  hBsQ0jdzh , where hB is the background viscosity,

FIG. 3. The backgroundGB (dotted curve) and criticalGC

(dashed curve) contributions to the decay rateG for q 
1.04 3 105 cm21 (u  44.36±). The curves were obtained using
Eqs. (2) and (3) withhB  s1.3 6 0.4d 3 102hH2O and q21

C 
s0.7 6 0.3d 3 103 Å. The solid curve is the total decay rate
G  GB 1 GC.
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Q0 is a system-dependent constant with dimensio
of wave number, andzh is an exponent that char-
acterizes the divergence of the viscosity. The tw
system-dependent quantitiesQ0 and qC are related by
qC ø f4e4y3y3pgQ0 [17,18]. We compare the data for
G with the theoretical predictions by treatingqC and hB

as adjustable parameters. We find that the best fit to
data for the solution in the 5.6 mm cell is obtained wit
hB  s3 6 2d 3 102hH2O (wherehH2O is the viscosity of
water) andq21

C  s1.2 6 0.5d 3 103 Å. For the solution
in the 1.85 mm cell, we findhB  s1.3 6 0.4d 3 102hH2O

and q21
C  s0.7 6 0.3d 3 103 Å. In Fig. 2, the predic-

tions of this theory are compared with the data for th
solution in the 1.85 mm cell. The individual backgroun
and critical contributions to the decay rate are show
for one particular scattering angle, in Fig. 3. The value
for hB that we find for both solutions are 2 orders o
magnitude larger thanhH2O. The value ofq21

C for both
solutions is more than an order of magnitude larg
than the size of an individual protein molecule. B
comparison, in binary liquid mixturesq21

C is only several
angstroms [19,20], which is comparable to the range
the intermolecular potential. In a water-in-oil microemul
sion, it has been found thatq21

C is on the order of the size
of the droplets [21].

In summary, the critical dynamic behavior of aqueou
protein solutions differs from that of binary liquid mix-
tures in that (i) the concentration fluctuations exhibit sig
nificant deviation from exponential decay with time, an
(ii) unusually largehB andq21

C are required to fit Eqs. (2)
and (3) to the experimental data forG. Thus, our work
implies that the present theory for critical dynamics doe
not provide an adequate description of the behavior
aqueous protein solutions.
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