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Study on the Fractal Structure of Clustered Protein
by Light Scattering
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Using static and dynamic light scattering, the fractal dimension and the kinetics of the ag-
gregation for a solution of protein particles were investigated under various conditions of pH,
the weight percentage of precipitation ((NH,)2SO4), the concentration of protein, and temper-
ature. Our results show that the radius of cluster with time at pH=3 grows with power law
R ~ t* with b being 1.56 + 0.03, which agrees with diffusion-limited cluster-cluster aggregation
{DLCA) model. It is shown that the fractal dimension decreases with the increase of the protein
concentration, but it increases with the weight percentage of precipitation. In addition, it is
also shown that the cluster of aggregate does not grow with time at low temperature (< 60°C).
However, the radius of cluster grows with R ~ e at 65°C, which agrees with reaction-limited

cluster-cluster aggregation (RLCA) model.

I. INTRODUCTION

In the past decade, many studies of the kinetics of the
irreversible aggregation process have been made [1-13)
in considerable detail for gold, silica, polystyrene, and
protein colloids from both experimental and theoretical
point of view, in order to understand their nonequilib-
rium phenomena in terms of the properties of the scale
invariance of the resulting clusters. The clusters are usu-
ally characterized by their fractal dimension d that re-
lates the total mass M of the aggregate to its typical size
R, ie, M ~ R®

It is well known from the theoretical point of view
that, for irreversible aggregation in which clusters can
not be separated into constituent monomers after stick-
ing together, two regions of aggregation, characterized as
diffusion-limited cluster-cluster aggregation (DLCA) and
reaction-limited cluster-cluster aggregation (RLCA}, ap-
pear in terms of the apparent rate-limiting step in the
process. In the former case, individual particles or clus-
ters stick with a high probability upon contact and yield
clusters with the fractal dimension d = 1.75+0.05. This
rapid DLCA process is found to exhibit power law kinet-
ics with R ~ t1/4_ where R is the hydrodynamic radius of
the cluster and £ is the time [14-16]. On the other hand,
in the slow RLCA process, the particles or the clusters
have a low sticking probability and produce clusters with
the fractal dimension d = 2.05 + 0.05. The RLCA pro-
cess exhibits exponential kinetics with R ~ e**, where a
depends on the experimental conditions(17, 18].

Aggregation processes for various colloids have been
investigated by means of many experimental techniques
including computer simulation, X-ray scattering, neutron
scattering, and light scattering [1-10]. Among these,
light scattering has been provided as a powerful tool
for characterizing the kinetics of aggregation because
the measurements of the scattered intensity and of the
linewidth in a quasi-elastic experiment give us informa-

tion on the fractal dimensions and the hydrodynamic ra-
dius of the clusters{19-24). A series of very interesting re-
sults using the dynamical light-scattering technique have
been recently reported on gold, silica, and polystrene col-
loids under various experimental conditions. However,
less work has been done on the fractal dimension and
the kinetics of protein. Therefore, we will investigate
the kinetics and the fractal dimension of the aggregation
process of protein under various experimental conditions
by using dynamic and static light scattering. Our results
will be compared with other experimental and theoretical
results.

The rest of the paper is organized as follows: In Sec. II,
we review the theoretical background related to the light
scattering experiment and present the sample prepara-
tion and our experimental results, where the pH depen-
dence, the protein concentration dependence of the frac-
tal dimension with and without the weight percentage
of precipitation, and the temperature dependence of the
property and structure of protein are discussed. Conclu-
sion will be given in the last section.

II. EXPERIMENT
A Dynamic Light Scattering Measurement

In a homodyne dynamic light scattering experiment,
the normalized autocorrelation function C(7) is related
to the normalized scattered-field autocorrelation function
g(7) as [25, 26}

C(r) =1+ Alg(7)], (1)
where A is constant depending on the measurement sys-

tern and 7 denotes the delay time. For monodispersed
colloid particles, g() is given by



9(7) = exp(- Dg*r). 2
Here, ¢ = (47n/))sin(8/2) denotes the scattering vector
with A being the wavelength of the light, n the refrac-
tive index of the solution, 8 the scattering angle, and
D the translational diffusion coefficient. For a polydis-
persed system, the normalized autocorrelation function
can be analyzed by the cumulants[26-28]. In general,
the cumulant expression is expressed as

C(r) = 1+ Aexp(~2Ky7 + H22_ 2K 5

2 3 7 ) 3)
where K, denotes the n-th cumulant of C(7). The first
three cumulants are obtained from a third order polyno-
mial least-squares fit of the logarithm of the normalized
autocorrelation function given by

In(C(r) ~1)=InA - 2(Ky7 — -K—z"r2 + -I&-r3

of 3 +...) @)
and the first cumulant K;(= Dg?) is used to obtain the
translational diffusion coefficient D, which can be related
to the hydrodynmic radius R in terms of the Stokes-
Einstein relationship; D = kT/6nnR with k being the
Boltzman constant, T the absolute temperature, and 7
the viscosity of the solution. Thus, the hydrodynamics
radius R can be calculated if K is given by the dynamic
light-scattering experiment.

In our experiment, we used a photon correlation spec-
troscopy apparatus that consists of a BIC (Brookharven
Instrument Co.). In the goniometer, the incident radia-
tion is supplied by a spectra-physics 10 mW He-Ne laser.
The sample holder is centered in a thermostated index-
matching vat which is mounted on the pivot point of
the optical rail holding the detector and which is filled
with the Declain as an index-matching liquid. The scat-
tered light is collected by an iris diaphragm and then
focused by a 100 mm forcal length lens onto a selected
pinhole (100, 200, 400 um). The light that passes through
the pinhole is focused by the detector optics onto a
PMT. The output of the PMT is sent to an amplifier-
discriminator, and the resultant signal is sent to the
Brookhaven BI9O00OAT 232 channel correlator. Figure
1 shows the schematic experimental set-up.

B Sample preparation

The protein used in this experiment is Albumin hav-
ing spherical shape, which was purchased from the Sigma
Chemical Co. The samples with the concentrations of
protein being 2, 4, 6, 8, and 10 g/dl were used. NaOH
and HCl were used to control the pH value of samples and
the pH values of each sample were obtained as 3, 5, 7, 9,

FIG. 1: Block diagram of experimental system.

and 11, respectively. In order to form colloid, the amo-
nium sulfate (NH),SO, was used for precipitation. The
weight percentages of precipitation were given by 7.5, 15,
25, and 30 wt%, respectively. In addition, the tempera-
tures of the sample were controlled at 25, 30, 40, 50, 60,
and 65°C, respectively, to understand the temperature
dependence of protein colloid. The particles were filtered
with a filter of pore size 0.45 um in order to remove any
dust.

C Experimental results and discussion

The time averaged autocorrelation function of the scat-
tered intensity for the concentration of protein 2 g/dl
is shown in Fig. 2, as a function of time. The dif-
fusion coefficient D obtained from COTIN program is
1.08 x 10""cm?/s and the radius of protein calculated
from the Einstein-Stokes relation (D = kT/6xnR) is
given by 7.31 nm. It is to be noted that the hydrody-
namic radius of protein for other concentrations of pro-
tein except for 2 g/dl can be obtained by same procedure.

1 pH dependence

To study the change of cluster size according to the
pH dependence of sample, the samples with different pH
values for each concentration of protein were prepared.
Table 1 shows the hydrodynamic radius of protein result-
ing from the dynamic light scattering. It is clearly seen
from the table that the hydrodynamic radius of protein
increases with the decrease of the concentration of sam-
ple, especially for the concentration of protein, 2 g/dl. In
the case of pH = 3, we can see that the clusters of protein
stick together and they form the fractal structure. Figure
3 shows the hydrodynamic radius of protein for pH = 3
as a function of time. As shown in the figure, the clusters
of protein grow with time. There exists a little growth of
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FIG. 2: Time averaged autocorrelation function of the
scattered intensity as a function of time.

TABLE I: The effective diameter of bovin serum albumin
concentration.

Concentration Average
(g/dl) 21 4| 6 | 8|10/ Diameter
Effective
Diameter [7.31/7.01(7.41]6.81]7.01]7.11 + 0.03
{om)

cluster for 80 minutes from aggregation. After then, the
growth of cluster with time shows the form R ~ t*. This
growth form is similar to that of DLCA, but the exper-
imental value of b given by 1.56 £+ 0.03 is different from
the value of b = (.57 presented by the DLCA theoretical
model. -

2  Protein concentration dependence without precipitation

Also, to understand the dependence of the fractal di-
mension on the protein concentration for a fixed pH value
of 3, the fractal dimension of samples with different con-
centrations was measured by static light scattering. Fig-
ure 4 shows the relationship between In(7) and In(q) with
time for the concentration of protein, 6 g/d), where I and
q denote the light intensity of scattering and the scat-
tering vector, respectively. The fractal dimension, Dy,
can be obtained from the linear slope of In(f)~ In(q)
plot since the light intensity of scattering depends on
the scattering angle and the fractal dimension, that is,
1{g) o ¢g~P/. The fractal dimensions of cluster at 80,
180, and 345 minutes after aggregation are, respectively,
given by 1.30 4 0.05, 1.71 + 0.07, and 1.79 + 0.04 from
the slopes of the figure. The average fractal dimension
between 150 minutes and 345 minutes is found to be
1.78 + 0.08. In addition, the average fractal dimension
of other samples with the concentrations of protein, 8
and 10 g/dl, is given by 1.77 £ 0.08. 1t is shown that our
results are in good agreement with the theoretical value

FIG. 3: Radius of cluster as a function of time (pH=3).
Here, the solid line represents the fit of R ~ t* with
1.56 + 0.03.
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FIG. 4: In(I) vs In(q) for a specific protein concentration
of 6 g/dl in the case of pH=3.

of 1.75 presented by the DLCA model.

8 Protein concentration dependence with precipitation

First, we consider the case where the protein is ag-
gregated with different protein concentrations at a fixed
weight percentage of precipitation of 7.5 wi%. In this
case, the relationship between In(Z) and In(q) obtained
from the static light scattering is shown in Fig. 5, where
the fractal dimensions of the different protein concen-
trations, 2, 4, 6, and 10 g/dl, are given by 2.08 + 0.09,
1.89 +0.09, 1.76 + 0.09, and 1.75 % 0.08, respectively. It
is clearly seen from the figure that the fractal dimension
decreases as the protein concentration increases. This
phenomena can be understood by the sticking probabil-
ity. The sticking probability of colloid decreases as the
protein concentration decreases and the resulting clus-
ter has more dense structure due to the reconstruction
of colloids. In this case, the clusters are formed, as in
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FIG. 5: In(I) vs In(q) for different protein concentrations
in the case of the ammonium sulfate of 7.7 wt%.
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FIG. 6: In(I) vs In(q) for different ammonium sulfate
concentrations in the case of the protein concentration of
6 g/dl.

the RLCA model. For high protein concentration, how-
ever, clusters stick with a high probability upon contact,
s0 that the resulting cluster has less dense structure. In
this case, the clusters are formed, as in the DLCA model.

Next, we investigate the fractal dimension for a fixed
protein concentration by changing the weight percent-
age of precipitation. The relationship between In(J) and
In(g) obtained from the static light scattering is shown in
Fig. 6, where the fractal dimensions for different weight
percentages of precipitation of 7.5, 15, 25, and 30 wt%
at a fixed protein concentration of 6 g/dl are given by
1.76 £ 0.14, 1.88 + 0.17, 2.10 £ 0.10 and 2.05 + 0.04, re-
spectively. It is shown from the figure that the fractal
dimension increases as the weight percentage of precip-
itation increases. This can be understood from the re-
action time of aggregation and diffusion time giving an
influence on the fractal dimension, but more studies are
needed to see the detailed mechanism associated with
their relationship.
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FIG. 7: Radius of cluster as a function of time at
T=65°C. Here, the solid line represents the fit of Ry ~
ezp(at] and the value of a is 0.0042 + 0.0001.

4 Temperature dependence

The property and structure of protein are affected by
many factors, so that the activity of protein can be
changed or decrcased. One of main factors is temper-
ature. The fractal dimension and hydodynamic radius
with time are measured under various temperatures to
understand the property of protein according to the tem-
perature, where the temperature is controlled from 30°C
to 65°C with the step increment of 5°C. For temperatures
below 60°C, no aggregation is observed, but the property
of protein is changed at 65°C, the clusters are aggregated,
and the fractal structure is formed. The effective hydro-
dynamics radius of protein with time obtained from dy-
namic light scattering is shown in Fig. 7. The growth
of cluster has the form Ry ~ e°t, and the value of «
from our experiment is given by 0.0042 + 0.0001. The
relationship between In(J) and In(g) obtained from the
static light scattering is shown in Fig. 8, where the av-
erage fractal dimension is given by 2.05 & 0.06, which is
in good agreement with the theoretical value of RLCA
model. It is seen from this result that the aggregation
progress of protein by temperature is very slow and the
structure is dense.

III. CONCLUSION

So far, we have investigated the fractal dimension and
the kinetics of the aggregation for a solution of protein
particles under various conditions of pH, the weight per-
centage of precipitation ((NH,),S04), the concentration
of protein, and temperature, by using static and dynamic
light scattering. The samples with the concentrations of
protein being 2, 4, 6, 8, and 10 g/dl were used. NaOH
and HCI were used to control the pH of samples and the
pH values of each sample were obtained as 3, 5, 7, 9,
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FIG. 8: In(I) vs In(q) for aggregation time at T=65°C.

and 11, respectively. For pH = 3 the clusters of protein
stick together and they form the fractal structure. The
growth of cluster with time shows the form R ~ tb, which
is similar to that of DLCA, but the experimental value
of b given by 1.56 + 0.03 is different from the value of
b = 0.57 presented by the DLCA theoretical model. In
the case of pH = 3, the average fractal dimension for dif-
ferent protein concentrations, 6, 8, and 10 g/dl, are given
by 1.78 + 0.08, 1.77 £ 0.08, and 1.77 &+ 0.08, respectively.
The results are in good agreement with the theoretical
value of 1.75 presented by the DLCA model.

In the case where the weight percentage of precipita-
tion was given by 7.5 wt%, the fractal dimensions for
different protein concentrations, 2, 4, 6, and 10 g/dl, are
given by 2.08+0.09, 1.89+40.09,1.76+0.09 and 1.75+0.08,
respectively. It is clearly seen that the fractal dimen-
sion decreases as the protein concentration increases. For
low protein concentration, the clusters are formed, as in
the RLCA model, while for high protein concentration,
the clusters are formed, as in the DLCA model. More-
over, the fractal dimensions according to different weight
percentages of precipitation, 7.5, 15, 25, and 30 wt%
at a fixed protein concentration of 6 g/dl are given by
1.76 £0.14, 1.88+0.17, 2.10+0.10 and 2.05+0.04, respec-
tively. It is shown that the fractal dimension increases
as the precipitation concentration increases. In addition,
the fractal dimension was also investigated for the change
of sample temperature. The cluster of aggregate does not
grow with time at low temperature(< 60°C). However,
the radius of cluster grow with R ~ e at 65°C, and the
average fractal dimension is given by 2.05 £ 0.06, which
agrees with RLCA model.

In conclusion, the fractal dimension and the kinetics
of the aggregation for a solution of properties are very
sensitive to the pH value, the weight percentage of pre-
cipitation, the concentration of protein, and temperature.
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