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Abstract — The diffusion coefficient of lysozyme, a globular protein, was measured at various conditions as functions
of lysozyme concentration, salt concentration, and solution 'age' in concentrated, saturated, and supersaturated solutions,
employing Gouy interferometry. Distilled water, 0.05 M potassium phosphate buffer, and 0.1 M sodium acetate buffer
solutions with 0, 2, 4, and 5 wt% NaCl were used as solvents. The pH of lysozyme solutions in distilled water was 4.75
due to the self-buffering capacity of lysozyme. The pH's of the lysozyme solutions in the potassium phosphate and so-
dium acetate buffers were adjusted to 6.8 and 4.0, respectively. The experimental temperature was 25°C. In a salt-free sys-
tem, the concentration dependent diffusion of lysozyme showed typical electrolyte diffusion behavior, while a salt-po-
lyelectrolyte system exhibited the behavior of a non-electrolyte. Diffusion results in the supersaturated region showed a lit-
tle effect of concentration or solution 'age' at a fixed NaCl concentration. A rapid decline in diffusion coefficient with in-
creasing NaCl concentration in the supersaturated region, however, was observed.
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INTRODUCTION

Crystallization is an important separation and purification
technique for a wide range of materials. For crystallization to
occur, the solution must be supersaturated. For that reason, the
properties of supersaturated solutions and their relation to crys-
tal growth and nucleation processes are of interest.

Myerson and coworkers studied the diffusion of a number of
materials (urea, glycine, NaCl, KCl) in supersaturated solutions
employing Gouy interferometry [Chang, 1985; Chang and My-
erson, 1985, 1986; Lo, 1991; Myerson and Lo, 1991; Myerson
and Senol, 1984; Sorell, 1981]. The diffusion coefficients in all
cases declined sharply with increasing concentration in the su-
persaturated region. In addition, the diffusion coefficient was
also found to be a weak function of solution 'age’, declining
slowly as time increased. It has been postulated that the reason
for the observed decline in diffusion coefficient
persaturated solutions is a result of molecular clusters or ag-
gregates evolving in the supersaturated solutions [Lo, 1991;
Myerson and Lo, 1991].

The growth of protein crystals is of great interest for the de-
termination of protein crystal structure. In order to understand
the crystal growth of proteins information about their diffusion
coefficients and cluster formation at a variety of conditions is
of importance. It is the purpose of this work to examine the dif-
fusion coefficient of lysozyme, a globular protein, in con-
centrated, saturated, and supersaturated solutions with various
buffers and salt concentrations.

in su-

BACKGROUND

Diffusion of neutral macromolecules in dilute solution is
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well described by an expression which employs the frictional
coefficient of the molecule, such as the Stokes-Einstein equation.
However for biological macromolecules, such a simple equation
cannot be employed, because they show a strongly non-ideal
behavior, even in dilute solutions [Daniel and Alexandrowicz,
1963; Doherty and Benedek, 1974; Ermak, 1974; Kedem and
Katchalsky, 1955; Lee and Schurr, 1975; Raj and Flygare,
1974; Tivant, 1983; Varoqui and Schmitt, 1972]. Recently, a
number of studies investigated diffusion of biological ma-
cromolecules. These studies indicate that the diffusion coef-
ficient of these molecules depends not only on the friction fac-
tor, but also their charge, concentration and the ionic strength
of the solution [Daniel and Alexandrowicz, 1963; Doherty and
Benedek, 1974; Ermak, 1974; Kedem and Katchalsky, 1955;
Lee and Schumr, 1975; Raj and Flygare, 1974; Tivant, 1983;
Varoqui and Schmitt, 1972].

When protein molecules dissolve in water, the molecules ion-
ize' into macroions and small counterions. When the molecules
undergo translational and rotational movements, differences in
ionic mobilities between macroions and counterions are created
in the solution due to their sizes. Ionized molecules (macroions
and counterions) then cause a gradient of electrical potential
due to the differences of ionic mobilities [Vink, 1990]. Ma-
croions interact very strongly with the solvent molecules
(usually buffer) and with other macromolecules because of the
electrostatic forces between them. This effect is important in
looking at the diffusion coefficients of biological macromole-
cules. The diffusion of macroions, thus, depends on both electr-
ical and hydrodynamic properties of all ionic components. The
size and shape of the macroions may depend on the charge and
the interaction with counterions. It is also known that the ionic
strength of the solution might affect the hydrodynamic factor.

It has been shown that the role of the frictional coefficient
on the solution properties of the biological macromolecules is
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minor, compared to the charge effect [Alexandrowicz, 1963].
The charge on the macromolecule may be shielded by an at-
mosphere of counterions, or sometimes salt components in the
solution, depending on the environmental conditions. It is
necessary for the ionic atmosphere to move with the ma-
cromolecule. When there is no salt in the solution even at in-
finite dilution, the ionic atmosphere surrounding the charged
macromolecule is not suppressed and consequently the charge
effect of protein does not vanish. Because the macroions and
the counterions are coupled in the absence of salt [Varoqui and
Schmitt, 1972; Vink, 1990], they act like electrolytes. The
electrical effect of the highly charged macroion is expected to
be screened when small ions are introduced, e.g., by the ad-
dition of simple electrolytes [Varoqui and Schmitt, 1972; Vink,
1990]. The molecular charges on the macroion can cause in-
tramolecular repulsion, thus leading to molecular expansion.
Added salt changes the ionic strength of the solution without
altering the charge on the protein. With increasing ionic streng-
th of the solution the salt component can shield this charge ef-
fect, and the effect of the molecular expansion is reduced. Elec-
trostatic interaction thus plays a crucial role in the diffusion of
macroions. At high salt concentrations, the charge effect is di-
minished, meaning that high ionic strength suppresses the ef-
fect of the charge on the hydrodynamic properties of the ma-
cromolecule [Kedem and Katchalsky, 1955; Varoqui and Schmitt,
1972; Vink, 1990].

EXPERIMENTAL

1. Materials

Chicken egg white lysozyme (grade IV) chlorice purchased
from Sigma Chemical Co. was used for this work. Distilled
water, 0.05 M potassium phosphate buffer and 0.1 M sodium
acetate buffer solutions with 0, 2, 4, and 5 wt% NaCl were pre-
pared as solvents for lysozyme. NaCl was used as a pre-
cipitating agent because it is known that NaCl has little etfect
on conformational change of lysozyme with its concentration,
which means NaCl does not denature the protein.

The pH values of each buffer solution were adusted © 6.8
for 0.05 M potassium phosphate buffer and to 4.0 for 0.1 M so-
dium acetate buffer solutions by adding concentruted HCl or
NaOQH. For distilled water, the pH value of the lysozyme solu-
tion was constant {4.75), even if a small amount of lysozyme
was dissolved in the water because of the self-buftering capac-
ity of lysozyme.

2. Solubility

Solubilities of lysozyme at 25"C in various solutions (distilled
water, 0.05 M potassium phosphate buffer solution, and 0.1 M
sodium acetate buffer solutions with various amounts of NaCl,
ie., 0,2, 4, and 5 wt%) were measured using a spectrophoto-
meter (Cary 2300 by Varian). Saturated solution with excess
solute was filtered by 0.2 um filter. The absorbance of the filt-
ered solution, then, was measured by UV spectrophotometer.
The saturation concentration was calculated by the following
equation.

A=egCl (H

where A is the absorbance, € the molar absorption coefficient, /
the sample ce!l thickness, and C the sample concentration.

Fig. 1. Schematic diagram of the Gouy interferometer.

Fig. 2. Diffusion cell.

The absorbance of 1 wi% lysozyme solution in a 1 cm cell
at 280 nm was presumed to be 27 [Elgersma et al., 1992].
3. Diffusion Coefficient

The diffusion coefficients of lysozyme in various buffer solu-
tions at 25°C were measured as functions of lysozyme con-
centration, salt concentration, and solution age employing a
Gouy interferometer. A schematic diagram of the interfero-
meter appears in Fig. 1. Illumination of the system was pro-
vided by a Spectra Physics (Model 146) randomly polarized
helium neon laser with an output power of 4 mW and an out-
put wave length of 633 nm. A more detailed description of the
apparatus can be found in Sorrell [1981] and Chang [1985]. A
single plexiglass constant temperature bath was used to control
the temperature of the solution reservoir, tubing and valves in-
side the bath. The temperature in the bath was regulated by an
immersion circulator manufactured by Fisher Scientific (Model
72). The control of the temperature was within 0.01°C. In this
way, the temperature gradients within the system and crys-
tallization problems in the tubing were minimized. The dif-
fusion cell employed is a modification of a cell assembled by
Sorrell [1981] and is shown in Fig. 2. After solutions of the
desired concentrations (low and high concentrated solutions)
were prepared and the system brought to the appropriate tem-
perature, the diffusion cell was filled and the boundary shar-
pening procedure begun. The sharpness of the boundary could
be qualitatively judged by the appearance of the fringe pattern
observed during the process. When a fringe pattern of ac-
ceptable guality was obtained, flow to the diffusion cell from
the solution reservoir was stopped. At this point the diffusion
process is in the free diffusion mode. A timer was immediately
started in order to record the difference in time between the be-
ginning of free diffusion process and the subsequent pho-
tographic exposure of the Gouy fringe pattern. Fringe data
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Fig. 3. Dependence of lysozyme solubility on sodium chloride
concentration in various buffer solutions.

were photographically recorded employing a lensless real im-
age camera. The distances between the undeviated slit image
and the minima of the first eleven fringes were measured by
the Gaertner Scientific Corporation Comparator (Model 267D).
The total number of fringes present in the interference pattern
was determined from the fringe photographs employing a com-
bination of the methods described in the references [Chang,
1985; Lo, 1991]. The analysis of the photographs of the
fringes yields an uncorrected diffusion coefficient for each pho-
tograph. A plot of these uncorrected diffusion coefficients
versus time ' extrapolated to time '=0 yields the true diffusion
coefficient at the average concentration for the low and high
concentrated solutions used in the diffusion cell.

RESULTS AND DISCUSSION

1. Solubility

Fig. 3 shows the solubility of lysozyme in various buffers at
25°C. For 0.1 M sodium acetate buffer the solubility of lyso-
zyme decreased logarithmically with increasing salt concentra-
tion.
2. Diffusion Coefficient

Fig. 4 shows the fringe pattern for lysozyme taken from this
diffusion experiment. The exposure time for picture (1) was
longer than that for picture (2). That means fringes move up-
ward as time passes and finally only one slit image can be ob-
tained. From the fringe patterns the diffusion coefficients of
lysozyme were calculated as a function of lysozyme con-
centration and plotted in Figs. 5 and 6. In Fig. 5, the diffusion
coefficients of lysozyme in distilled water at pH=4.75 and 0.05
M potassium phosphate buffer at pH=6.8 and at 25°C were re-
ported. For distilled water, the diffusion coefficient was meas-
ured at concentrations ranging from 0.3 to 23 wt%. The sat-
uration concentration at 25°C was 20.8 wt%. The result for the
distilled water shows a decline in the diffusion coefficient with
increasing concentration, the rate of which increased at high
lysozyme concentration. For 0.05 M potassium phosphate buff-
er, the diffusion coefficient of lysozyme was measured at con-
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Picture (1)

Picture (2)
Fig. 4. Photographs taken from the diffusion experiment.
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Fig. 5. Diffusion coefficient of lysozyme in distilled water (pH=
4.75) and 0.05 M potassinm phosphate buffer (pH=6.8).
Saturation concentrations of lysozyme in distilled water and
potassium phosphate buffer are 20.8 and 14.6 wi%.

centrations ranging from 0.3 to 19 wt% (saturation concentra-
tion was 14.6 wt%). The diffusion coefficient first increased
with increasing concentration until a maximum was observed
at 6 wt% and then declined. This behavior was likely a result



Diffusivity of Protein in Aqueous Solutions 291

Fig. 6. Diffusion coefficient of lysozyme in 0.1 M sodium acetate
buffer (pH=4.0) with 2, 4, and 5 wt% NaCl, respectively.
Saturation concentrations of lysozyme in sodium acetate
buffer with 2, 4, and 5 wt% NaCl are 2.79, 0.64, and 0.4
wi%.

of electrolyte interaction. A similar result was observed for
ovalbumin in sodium acetate buffer (0.1 M) with small amount
of NaCl (0.3 wi%) [Marlowe, 1983]. Marlowe [1983] observed
behavior similar to that seen in potassium phosphate buffer.
The diffusion coefficients of lysozyme in distilled water (pH=
4.75) were higher than those in 0.05 M potassium phosphate
buffer (pH=6.8) over the whole range of concentration and
much higher at low concentration. Lysozyme molccules have
larger positive charges at lower pH and then more repulsive
electrostatic interaction might be appliecd on the molecules.
This may be the result of the small ions ionized from the buff-
er surrounding the macroions and reducing the effect of the
electrostatic interaction.

In Fig. 6, the diffusion coefficients of lysozyme i1 0.1 M so-
dium acetate buffer with 2, 4, and 5 wt% sodium chloride at
pH=4.0 and 25°C are shown. Diffusion coefficients were meas-
ured at concentrations ranging from 1 to 8 wt% at 2 wt% NaCl
(saturation concentration was 2.79 wt%}), from 03w 1 wt% at
4 wt% NaCl (saturation concentration was 0.64 wt%), and 0.3
to 1.5 wt% at 5 wt% NaCl (saturation concentration was (.4
wt%). The effect of lysozyme concentration on the diffusivity
in this salt-buffer system was small, but salt conccntration af-
fected diffusion coefficient significantly. An increase in salt
concentration decreased the diffusion coefficient of lysozyme.

The diffusion coefficient of lysozyme in 0.1 M sodium ace-
tate buffer with 2 wt“% NaCl appeared independent of the lyso-
zyme concentration, up to high supersaturation (the relative
supersaturation=solution concentration/saturation concentration=
3). The diffusion coefficient of lysozyme at 4 and § wt% NaCl
decreased with increasing lysozyme concentration in the su-
persaturated region. The diffusion behavior shown in Fig. 6
looks like that of a neutral molecule. When the salt is in a lyso-
zyme solution, macroions can be surrounded by the ions separ-
ated from salt component and a new ionic atmosphere is form-
ed. When macroions diffuse, the ionic atmospherc moves to-

Fig. 7. Diffusion coefficient of lysozyme with salt concentration.
0.1 M sodium acetate buffer was used at 25°C and pH=
4.0. The numbers in the box denote the lysozyme con-
centrations.

gether. Therefore the body of ions (ionic atmosphere) can act
like neutral molecules because the electrostatic interaction can
be diminished by the surrounding ions. When there is no salt
in the lysozyme solution, however lysozyme molecules can ion-
ize into macroions and counterions, and act like electrolytes. In
a salt-frece system (as in Fig. 5), the diffusion behavior with
lysozyme concentration looks like that of an electrolyte.

To examine the effect of ionic strength on the diffusion coef-
ficient of lysozyme, the diffusion coefficients at several con-
stant lysozyme concentrations were obtained by interpolation
from each plot in Fig. 6. The results are shown in Fig. 7. The
diffusion coefficient of lysozyme decreased with increasing salt
concentration, i.c., ionic strength. Becausc it is already known
that the conformational change for the globular protcin, lyso-
zyme, can be neglected with salt concentration, it is thought
that the added salt affects the electrostatic interaction.

The diffusion coefficients of lysozyme reported in the litera-
ture [Azuma et al., 1989; Dubin et al., 1967; Mikol et al., 1989]
are not directly comparable to the experimental values obtained
in this work because of differences in the experimental con-
ditions. Dubin et al. [1967] measured the diffusion coefficient
of lysozyme in aqueous solution at 6 wi% at 25'C and pH 5.6
and obtained 1.15X 10 * cm’/s. In this work the diffusion coef-
ficient of lysozyme in aqueous solution at 6 wt% at 25°C and
pH 4.75 was 2.25x 10 " cm’/s. Azuma ct al. [1989] measured
the coefficients of lysozyme in the ranges of 1-12% w/v in
aqueous solution (undersaturated region) and 0.15-2% w/v (max-
imum relative supersaturation=13.33) in 0.1 M sodium acetate
buffer (pH=4-4.2) with 5% NaCl. Their data were scattered
from 0.1x 10 ° to 110 ° cm’/s in aqueous solution and from
0.05x10 * to 0.5x10 * cm/s in the buffer. We obtained the
values of 2.1 2.3x 10 * cm’/s in aqueous solution and of 1.0
1.3 10 * cm?/s in the same buffer (pH=4.0) over the same
ranges (Fig. 5). Mikol et al. [1989] obtained the diffusion coef-
ficient of lysozyme of 1.03x10 " cm’/s in 0.04 M sodium ace-
tate buffer (pH=4.6) with 2 wt% NaCl at 25°C below the sat-
uration point (about 3.1 wt%). The coefficient decreased slow-
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Fig. 8. Diffusion coefficient of lysozyme with solution Age. 0.1
M sodium acetate buffer with 4 wt% NaCl at pH=4
and 25°C was used.

ly in the supersaturated region. In this work the coefficient was
1.40x10°° cm’/s and remained constant with increasing lyso-
zyme concentration into the supersaturated region.

The effect of solution 'age' on the diffusion coefficient of su-
persaturated lysozyme solutions in 0.1 M sodium acetate buffer
with 4 wt% NaCl at 25°C and pH=4.0 is shown in Fig. 8. Dif-
fusion coefficient appeared decreasing with increased solution
'age’ before the saturation point (relative supersaturation=0.94).
This may be the result of the strong molecular interactions of
polyelectrolytes in solution and the formation of molecular ag-
gregates in the undersaturated solution as reported by Pusey
[1991, 1992].

CONCLUSIONS

Unlike previous work with small molecules [Chang, 1985;
Chang and Myerson, 1985, 1986; Lo, 1991; Myerson and Lo,
1991; Myerson and Senol, 1984; Sorell, 1981], diffusion coef-
ficients of lysozyme did not decline sharply with solution 'age’
and with increasing concentration in supersaturated solutions.
Concentration and 'age' appeared to affect the diffusion coef-
ficient slightly, but they were small compared to the effects of
salt addition.

The diffusion coefficients of lysozyme versus concentration
in distilled water (pH=4.75) and 0.05 M potassium phosphate
buffer (pH=6.8) showed typical electrolyte diffusion behavior.
The diffusion coefficient in distilled water was always higher
than that in potassium phosphate buffer over the entire range
of lysozyme concentrations due to the charge effect. The dif-
ference of the diffusion coefficients for two buffer solutions be-
came smaller at higher lysozyme concentration. The diffusion
coefficient in potassium phosphate buffer reached a maximum
at about 6 wt% lysozyme. Unlike small molecules, the dif-
fusion coefficient of lysozyme began to decrease before sat-
uration. This could be due to the formation of dimers, or tri-
mers in the undersaturated solution due to molecular in-
teractions as reported by Pusey [1991, 1992].
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The diffusion coefficient in sodium acetate buffer with 2%
NaCl did not decrease with increasing lysozyme concentration.
The diffusion coefficient with 4 and 5 wt% NaCl decreased
with increasing lysozyme concentration. The rate of decrease in
the diffusion coefficient increased with increasing salt con-
centration. The diffusion coefficient of lysozyme also de-
creased with increasing salt concentration at constant lysozyme
concentration.
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