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Abstract

A study on diffusion measurements of the protein lysozyme in liquids and agarose gels, at different pH and ionic
strengths, has been performed using holographic laser interferometry. The measurements showed that the diffusive flux was
very dependent on pH and ionic strength when the protein was not at its isoelectric point or when the charge of the lysozyme
molecules was not screened by ions in the solution. Evaluation of the experimental data with Fick’s law, resulted in diffusion
coefficients for lysozyme that are strongly dependent on pH and ionic strength. Evaluation of the experimental data using a
more general transport model, based on chemical potential gradients instead of concentration gradients resulted in lysozyme
diffusion coefficients that are independent of pH and ionic strength. The chemica potential was estimated by using the
Poisson—Boltzmann equation. O 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

The diffusive properties of proteins are important
in severa situations for example in chromatography.
The interaction with the gel adsorbent and the
interaction with the solvent influence the separation
very much. This paper treats this problem in order to
give an understanding of how to describe the diffu-
sive properties as well as how to experimentally
verify them.

Proteins are charged macromolecules that consist
of a number of amino acids linked together by
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peptide bonds. The surface of a protein molecule is
in most cases covered with weak acid and basic
groups, while the interior of a protein is more
hydrophobic. The pH sets the degree of protolysis
and thus the degree of ionisation of the surface
groups and thereby the net charge of the protein. In
acid solutions, proteins are strongly positive, but as
the pH increases the net charge decreases and
becomes equal to zero at the isoelectric point. At this
pH the positive and negative charges cancel. If the
pH increases further, the protein net charge becomes
negative [1,2].

A characteristic property of macromolecules in
solution is the balance between different attractive
and repulsive interactions. The repulsive interactions
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are often due to electrostatic forces, while van der
Waals interactions are the dominating attractive
forces. If sdt is added to a solution with charged
macromolecules, the electrostatic repulsion between
the charged molecules decreases because the salt
ions screen the charged macromolecules from each
other. This makes it important to understand the
electrostatic interactions between charged macromol-
ecules since a solution of macromolecules can
change its properties significantly due to changes in
pH, ionic strength and concentration.

Several papers in the literature report liquid diffu-
sion coefficients for proteins that vary depending on
ionic strength, pH and protein concentration [3-7].
The same behaviour has been reported to occur in
amylopectin gels [8]. In al the papers mentioned
above a high diffusion coefficient appear at low ionic
strength and a variation with protein concentration is
also observed. If the ionic strength is increased the
diffusion rate decreases and becomes less dependent
on protein concentration. Wesselingh and Krishna [2]
and Leaist [5] explain the observed high diffusion
coefficients at low ionic strength as an effect of
electroneutrality conditions. When charged proteins
diffuse with small mobile counterions, charge sepa-
ration is prevented since the diffusion process in-
duces an electric field that slows down the small
counterions and speeds up the protein ions. When the
concentration of small counterions increases, they
replace the protein ions and the diffusion rate for the
protein decreases. This is a result of the higher
mobility of the smaller counterions.

The aim of this study is to present an aternative
way, compared to Fick’s law, to describe the diffu-
sive mass flux for systems with charged macro-
molecules. This is done in order to avoid diffusion
coefficients that are strongly dependent on pH,
concentration or ionic strength. This can be achieved
by using a general transport model where a chemical
potential gradient is used as a driving force, instead
of a concentration gradient as in Fick’'s law. Com-
puter simulations based on the diffusive flow in a
chemical potential gradient, here denoted the general
model, were performed to study how ionic strength
and pH affect the diffusive flux in gels and liquids.

Experiments were performed using holographic
laser interferometry (HLI). This method presents an
elegant way to study the whole concentration profile

in the gel as well as in the liquid. Furthermore, this
type of method is a prerequisite for the present study
in which the concentration profiles are used to
understand and describe the diffusive properties. HLI
has earlier been shown to be a suitable method for
diffusion studies in gels and liquids for both small
and large solutes [9-19]. Partition coefficients and
diffusion coefficients for lysozyme in both liquids
and agarose gels, at different pH and ionic strength
were determined. The experimental data were evalu-
ated using both Fick’s law and the general model.

2. Theory
2.1. Diffusion theory

The thermodynamic quantity that governs sponta-
neous molecular transport is the gradient of the
chemical potential, u. According to chemical
thermodynamics the change of the chemical potential
in the x-direction can be regarded as an effective
force, F,

o
Fo= =% 1)

A diffusive flux is the response of the molecules to
this effective force. If the flux of materia, J, is
assumed to be proportional to the effective force, F,,
then the flux can be described by [20]
D o

J=— ﬁca—’i )
where D is the diffusion coefficient, R the universal
gas constant, T the temperature and ¢ the con-
centration. This equation describes a time-indepen-
dent flux, i.e, diffusive flux down a chemica
potential gradient. For an idea solution Eq. (2) is
identical to Fick’'s law. Equations for time-dependent
diffusion processes can be derived using Eq. (2)

ac(xt) D i(&,u(x,t))
ot RTSax\ ox

©)

The chemical potential, w, for a solution with
compound i, consists of contributions from pressure
(P), activity (a;), temperature (T) and long-range
electrostatic interactions (u; o) [2] and is given by:
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p= TP —P)+RTIna —§(T-T°)+ 4
(4)

For a solution at constant pressure and temperature
and with negligible long electrostatic interactions the
chemical potential, u, is

nw=u’+RTIna (5)

For ideal solutions at constant pressure and tempera-
ture, the activity, a, in Eqg. (5) may be replaced by
the concentration, c. Eq. (6) is obtained by derivation
of Eg. (5) where the activity has been substituted by
the concentration

S =RT=— (6)

Substituting Eqg. (6) into Eq. (3) results in the
familiar Fick’s second law:

ac(xt) a%c(x.t)
o PN (7)

This is the most common way to describe time-
dependent diffusion. For ideal systems it often gives
a good agreement between theoretical predictions
and experimenta results. However, as can be seen
above it is based on the assumption that the activity
can be replaced by the concentration and that there
are no pressure, temperature or electrostatic inter-
action gradients. This is a good assumption for ideal
systems but for systems with charged macromole-
cules it is not valid, due to the electrostatic interac-
tions in these systems.

The simplest case when discussing the interaction
between charged particles is when only two charges
interact with each other. According to Coulomb’'s
law the force, F,, between the two charges, g, and
g,, depends on the magnitude of each charge and the
distance, r, between them.

1 qq,
_47T6‘0 r? (8)

Ft

In a solution with macromolecules, the main factors
influencing the strength of the interaction forces
between the macromolecules are the size of the
macromolecules, the charge of each molecule and
the molecular concentration. These interactions can
be reduced by adding ions in the form of salts to the
solution. The salt ions will then screen the macro-

molecules from each other and thereby lower the
electrostatic interaction in the solution. Proteins in
solution are charged macromolecules and a protein
solution with low ionic strength can be highly non-
ideal. This means that substituting activity for con-
centration and not including electrical potential when
describing a diffusive flux of charged proteins, can
be a rather poor approach. However, at moderate
protein concentrations with high ionic strength, the
system normally behaves as an ideal system and
substituting activity with concentration is acceptable
[3,5-8,19].

The chemical potential for protein solutions, in-
cluding electrostatic contributions, can be calculated
by using the Poisson—Boltzmann equation (Eg. 9) to
describe the electrostatics. This is conveniently done
by applying the PBCell model [21,22]. The electro-
static potential W(r) is given by:

F - Fz ¥
V) = — azjzjcj(bulk) ap(%)

9

In Eq. (9) F is Faraday’s constant, ¢, is the vacuum
permittivity, e, is the dielectric constant for the
solvent, z is the charge number of the ions, ¢; is the
bulk concentration of the ions and Y(r) is the
electrostatic potential. By calculating the chemical
potential of a lysozyme molecule for different lyso-
zyme concentrations, it is possible to obtain a
function that describes how the chemical potential
varies with concentration, w(Cysyme)- This function
can then be substituted into Eq. (3).

3. Experimental
31 Gel preparation

Agarose gels of 4.0% (w/w) (Agarose |EF, kindly
provided by Pharmacia Biotech, Uppsala, Sweden)
were prepared by weighing agarose powder and
degassed distilled water into screw-capped tubes
with teflon-protected seals. The agarose was sus-
pended in water by gently shaking until a homoge-
neous suspension was obtained and dissolved by
heating in boiling water with occasional shaking
during 10-15 min. Direct observation ensured that
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the contents of the tubes were clear. The hot solution
was then transferred into a diffusion cell using a
preheated syringe.

The diffusion cell, which can be seen in Fig. 1,
was made of Plexiglass. Gelification occurred after
approximately 20 min, the sol—gel transition was
followed by a change from transparent to a dlightly
milky white colour. The gels were then carefully
pushed out of the diffusion cell and the lower part
was siced off with arazor blade in order to obtain a
plane surface. The gels were equilibrated (for at least
24 h) and stored in the same solvent as the one used
for the protein solutions.

3.2, Protein solution preparation

The lysozyme (L-6876, Lot 65H7025) was sup-
plied by Sigma (St. Louis, MO, USA). A 1%
lysozyme solution (10 mg/ml) was obtained by
dissolving the corresponding amount of dry lyso-
zyme powder in either distilled water or in 0.1 M
NaCl. The pH in the lysozyme solution was adjusted
to 4, 5.6 or 11 by adding small volumes of either
HCI or NaOH. To minimise the amount of salt ions

Air outlets to prevent air
from getting trapped at
the gel interface

- I—JT_H Circulating water

: s b to keep a constant
{‘ ‘ ‘ 1+ temperature
|
\

s

Gel ’\;

Liquid

Opening to
inject and ex-
change the
liquid phase

Fig. 1. Schematic illustration of the diffusion cell used in the
holographic laser interferometry experiments.

B

Table 1
Lysozyme characteristics

M, Stokes Isoelectric Diig”
(g/mol) radius point (107" m?/9
(nm)
14 600 19 1.2° 13.7°,12.26°, 11.5°,

13.45", 12.80°

*Values adjusted to 25°C according to Stokes—Einsteins equa-
tion.

°122].

“[4] Dynamic light scattering.

4128] Analytical SPLITT fractionation.

°[29] Dynamic light scattering.

"[30] FFF.

9[24] Chromatography.

present in the lysozyme solution no buffer was used.
The protein solutions were used immediately after
preparation, and the pH was also measured after the
diffusion experiment, in order to check if the pH had
atered during the experiment. Protein characteristics
for lysozyme are presented in Table 1 and 2.

3.3. Refractive index measurements

The refractive index for lysozyme solutions, with
and without NaCl, in the range 0—10 mg/ml protein
was measured on an RFM81 Multiscale Refractome-
ter (Bellingham & Stanley, Kent TN2 3EY, UK) at
25°C. The refractive index was found to vary linearly
with concentration. The value of dn/dc was 0.196
ml/g when no extra salt was added and 0.165 ml/g
ina 0.1 M NaCl solution.

3.4. Diffusion measurements using HLI
The experimental procedure for HLI was the same

as described earlier by Mattisson et al. [14], although
the experimental set-up was dlightly modified. The

Table 2
Charge of lysozyme at different pH
pH Lysozyme charge number®
5mM NaCl 0.1 M NaCl

4 12 13
56 10 105
11 1 1

4[22].
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primary difference was that the diffusion cell used
was especidly designed for diffusion studies of
macromolecules. In this diffusion cell the gel was
placed at the top of the diffusion cell and the liquid
below the gel. This was necessary to avoid convec-
tion in the liquid phase. Small supports prevented the
gel from gliding down (Fig. 1). The gel was intro-
duced into the diffusion cell and carefully pushed
down until it reached the support. The diffusion cell
was sealed with alid to prevent evaporation and then
placed into a transparent Plexiglass holder. A solvent
solution was introduced into the lower part of the
diffusion cell by a syringe connected to an inlet at
the lower part of the Plexiglass holder. Two outlets
placed on each side of the diffusion cell immediately
below the small supports and connected to the
outside of the Plexiglass holder via flexible tubings
were necessary to prevent air bubbles from getting
trapped at the interface when the solvent solution
was introduced.

All experiments were performed at 25°C. At the
time of exposure the solution under the gel was in
equilibrium with the gel. After the exposure the
holographic plate was processed and then reinserted
in exactly the same position as at the time of
exposure. The diffusion process was started by
carefully replacing the liquid that was in equilibrium
with the gel with a protein solution. This was done
by using a syringe connected to the outlet of the
diffusion cell. The start concentration of lysozyme
was 10 mg/ml in the liquid phase and 0 mg/ml in
the gel phase for all experiments.

3.5. Partition coefficients from HLI measurements

The system studied consists of a gel phase (1) and
aliquid phase (2) with the interface at x=0 (Fig. 2).

Initially at t=0, the protein concentration is zero
in the gel phase (C,,) and is uniform in the liquid
phase (C,,). The gel diffusion coefficient for a
protein in the gel phase is D, and in the liquid phase
D,. Both phases are considered to be semi-infinite.
The boundary conditions at the interface x=0 can be
written

k= tea

e

(x=0) (10)

2,eq

Direction of
light beams

Interface

x=0

Ceyy
thiCkn ess

Fig. 2. Schematic illustration of the studied system consisting of a
gel phase (1) and a liquid phase (2). The distance from the
gel-liquid interface is x. C, and C, denote the concentration of
lysozyme in the gel phase and liquid phase, respectively. D, is the
gel diffusion coefficient for lysozyme in the gel phase, and D, is
the diffusion coefficient for lysozyme in the liquid phase.

on Il
Cnga—Xl = CZD26—X2 (x=0) (11)
where Kk is the partition coefficient and C, ., C,

are the equilibrium concentrations in the gel and
liquid phase, respectively. The second boundary
condition, Eq. (11), implies that there is no accumu-
lation of protein at the interface.

If the two boundary conditions above are used to
solve Fick’s second law (using concentration gra-
dients instead of chemical potential gradients) it can
be shown that the concentration at the interface,
x=0, remains constant during the diffusion process
[23]. As diffusion progresses, the concentration in
the x direction will change in both phases. The
refractive index along the cell will thus change and
result in dark and light interference fringes in both
phases. The parameter that sets the total number of
fringes in each phase is the concentration difference
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between the interface (x=0) and the unaffected part
(x=), AC,,, where

AC, =C_. —Ciy (12)

The concentration in the unaffected part of the phase,
C ... is the same as the start concentration, C,, or
C,,, during the whole experiment. The concentration
at the interface, C,,,, in each phase is equa to the
equilibrium concentration in each phase, C,, or
C, o according to the first boundary condition [23].
C e and C, ., can be estimated from the interfer-
ence pattern.

The change in refractive index that is necessary to
produce a dark or light interference fringe is:

A

An= T (13)
where A is the wave length, 632.8 nm, of the used
light source and b the thickness of the diffusion cell.
The total number of fringes (dark and light) in a
phase gives the total change in refractive index
between the interface and x=o. If the relationship
between concentration and refractive index is known,
it is possible to obtain AC,,, Then using Eq. (12) it
is possible to obtain C, ., C,. and finaly the
partition coefficient using Eq. (10). The refractive
index for agarose gel containing x mg/ml protein is
assumed to be the same as the refractive index for a
solution with x mg/ml protein plus a constant. The
constant is the contribution from the polymer fibres
in the gel and is assumed to be independent of
protein concentration.

When obtaining the partition coefficient according
to the method described above, a maximum devia-
tion from the best estimated partition coefficient can
be estimated. The best estimated value is based on
the best possible estimation of the total number of
fringes (dark and light) in each phase. The maximum
error in the estimation of the total number of fringes
is normally half a fringe in each phase. Assuming
that the best estimation of the total number of fringes
in each phase is wrong by half a fringe it is possible
to obtain a maximum and minimum value of the
partition coefficient. These values can then be used
to describe the interval within the best estimation
which may vary.

The evaluation and interpretation of experimental
interference patterns obtained with HLI (to obtain

concentration profiles) was the same as described by
Mattisson et a. [14]

4. Simulation study

Simulations based on the general model (Eq. 3)
were performed to study how pH and ionic strength
affected concentration profiles in a system identical
to the one studied experimentally. The liquid diffu-
sion coefficient, D;,, and the gel diffusion coeffi-
cient, D, were set to 12.80x10 ** and 6.3x10 ™
m?/s, respectively. The partition coefficient was set
to 0.86. These are experimental values obtained for
lysozyme by chromatography, in a Sephadex G-200
gel (2.7%, w/v) by Vonk [24].

All concentration profiles were calculated to repre-
sent the situation after 2 h of diffusion time. The
interface concentrations in each phase were obtained
from the condition that the flux in the gel phase and
the liquid phase should be the same.

A computer program, PBCell, was used to calcu-
late chemical potentials in the concentration interval
0-12 mg/ml lysozyme. PBCell solves the Poisson—
Boltzmann equation numerically for different protein
geometries, concentrations and ionic strengths
[21,22].

Input parameters to PBCell are presented in Table
3.

Table 3

Input parameters to PBCell [21,22,31]

Cell shape Spherical

Radius of the 19 A

charged interface

Volume fraction of Interval between

region 1 0.0148-0.00061

Area/ surface 4540/ charge number A?

charge (charge number varies
with pH)

Charge number salt 1 +1/-1

Bulk conc. of cation 1 5 or 100 mM

Charge number salt 2 +1/-1

Bulk conc. of cation 2 0mM

Temp. in the system 298 K

Hamaker constant 6E-21J

Surface energy 0.018 J/m®
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5. Result
5.1. Smulation results

All simulated concentration profiles are deter-
mined for conditions after 2 h of diffusion using the
general model. Fig. 3 shows simulated concentration
profiles, based on Eg. (3), a pH 4 and 11 for a low
ionic strength of 5 mM NaCl. At pH 4 the chemical
potential is high since lysozyme is highly charged.
This results in a high driving force and thereby a
high diffusive flux. At pH 11 lysozyme is very close
to its isoelectric point and has a very low charge and
hence the chemical potential and the diffusive flux
will be lower than at pH 4. The effect is more
pronounced in the liquid phase than in the gel phase,
since the concentration in the liquid phase is higher
than in the gel phase.

Fig. 4 shows simulated concentration profiles,
based on Eq. (3), at pH 4 and 11 at an ionic strength
of 0.1 M NaCl. The difference between the profiles
is smaller than at the low ionic strength. This is due
to increased electrostatic screening of the charged
lysozyme molecules by the added salt.

Fig. 5 shows concentration profiles, based on Eq.
(3) a pH 4 and 11, at different ionic strengths.
According to the general model, the diffusive flux is
very dependent on the ionic strength in the range

Lysozyme concentration in the gel phase (mg/ml)

0 0.5 1 1.5 2 25 3 35 4 45 5
Distance from interface (mm)

Lysozyme concentration in the liquid phase (mg/ml)

1-10 mM at pH 4. The increased screening effect at
ionic strengths above 10 mM is amost insignificant
for the protein concentration studied. However, at pH
11 the diffusive flux is almost independent of ionic
strength. The main reason for this independence is
that the electrostatic repulsion between the lysozyme
molecules is very weak, even at low ionic strengths.
The effect from an increased ionic strength is
therefore negligible.

Fick’s law is derived with the assumption that the
studied system is ideal, while the general model is
valid for both ideal and non-ideal systems, since any
deviations from an ideal behaviour can be included.
If the two models are applied on ideal systems, they
should give the same results. Fig. 6 shows con-
centration profiles obtained with both Fick’s law and
the general model at different pH and ionic strength.
At pH 4 and 0.1 M the two models agree well. The
assumption that the system can be regarded as an
ideal system seems to be correct.

At pH 4 with ionic strength 0.005 M, the two
models disagree. The profiles obtained with Fick’'s
law are identical to those obtained at 0.1 M, while
the profiles obtained with the general model are
changed. Finally, at pH 11 with low ionic strength,
the two models agree well again. This is because
lysozyme has a very low charge at pH 11 and
thereby the system can be regarded as ideal.

0 1 2 3 4 5 6 7 8 9 1
Distance from interface (mm)

Fig. 3. Simulated concentration profiles at pH 4 and pH 11, at 0.005 M NaCl, in both the gel phase (left) and the liquid phase (right).
C,,=0 mg/ml, C,,=10 mg/ml, k=0.86, D,=6.3x10""* m?/s and D,,=12.8x10"** m?/s, t=2 h.

lig
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E o1
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L pH11 pH 4

N

Lysozyme concentration in the gel phase (mg/ml)

T

0.5 1 15 2 25 3 35 4 4.5 5
Distance from interface (mm)

o

10

9.5

85F

75F

Lysozyme concentration in the liquid phase (mg/ml)

0 1 2 3 4 5 6 7 8 9 1
Distance from interface (mm)

Fig. 4. Simulated concentration profiles at pH 4 and pH 11, at 0.1 M NaCl, in both the gel phase (left) and the liquid phase (right). C,,=0

mg/ml, C,,=10 mg/ml, k=0.86, D,=6.3x10""" m*/s and D

lig

5.2, Holographic laser interferometry
measur ements

Diffusion experiments with lysozyme were per-
formed in two series. The first a a high ionic
strength of 0.1 M NaCl, and the second where the
protein was dissolved in distilled water. Measure-
ments were performed within each series at pH 4, 5.6
and 11. For each experiment, severa interference
patterns were recorded at different times.

In Fig. 7, photographic pictures of interference
patterns from three different experiments are shown.
The three experiments were performed at different
pH and ionic strength but with the same initial
protein concentration (10 mg/ml) in the liquid
phase. The experimental time was approximately the
same for al three experiments. Since a tighter
interference pattern represents a steeper concentra-
tion profile within both the gel and the liquid, it is
easy to see how the diffusive flux varied with pH and
ionic strength. At pH 4 with low ionic strength (No.
1) the diffusive flux was faster than at pH 11 with
the same ionic strength (No. 3). Even at pH 4 but
with high ionic strength, 0.1 M (No. 2), the diffusive
flux was almost the same as at pH 11 with low ionic
strength. The increase in ionic strength at pH 4 (No.
2) dowed down the diffusive flux. This is in
agreement with the results obtained from the simula-
tion study. The non-Fickian behaviour at pH 4 and

=12.8X10"" m?/s, t=2 h.

low ionic strength can be clearly seen (No. 1) since
the interference fringes appear more or less at
constant distances. The Fickian behaviour is on the
other hand seen in the other (Nos. 2—3) where the
interference pattern is tighter close to the interface.

Experimental liquid and gel diffusion coefficients
were obtained by fitting theoretical concentration
profiles to the experimenta profiles using MATLAB
5. The theoretical profiles were obtained from both
Fick's law (Eq. 7) and the general model (Eg. 3).
The only parameter in Egs. (3) and (7) that was
varied was the diffusion coefficient.

5.3 Experimental liquid diffusion coefficients

Liquid diffusion coefficients were obtained by
fitting theoretical concentration profiles to ex-
perimental concentration profiles. The best fit was
obtained by minimising the object function:

4 AC > <AC > )2
2 z z
= - 14
X §1<<Acmt exp ACtot calc ( )

The diffusion coefficients were evaluated using both
Fick’s law and the general model (GM). The liquid
diffusion coefficients obtained from the fitting are
presented in Table 4 for all experiments. When
lysozyme was dissolved in distilled water, the ionic
strength in the solution increased by a few mM. This
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Lysozyme concentration in the gel phase (mg/ml)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Distance from interface (mm)

Lysozyme concentration in the gel phase (mg/ml)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Distance from the interface (mm)

Lysozyme concentration in the liquid phase (mg/ml)

159

Lysozyme concentration in the liquid phase (mg/ml)

. L L L L L . . L
0 1 2 3 4 5 6 7 8 9 10
Distance from interface (mm)

0 1 2 3 4 5 6 7 8 9 10
Distance from the interface (mm)

Fig. 5. Concentration profiles at different ionic strengths at pH 4 (top figures) and pH 11 (lower figures), in both the gel phase (left) and the
liquid phase (right). C,,=0 mg/ml, C,,=10 mg/ml, k=0.86 (pH 4), D,=6.3x10""" m*/s and D,,,=12.8x10™"* m?/s, t=2 h.) Curves:

(@ 0.1 M; (b) 0.01 M; (c) 0.005 M; and (d) 0.002 M.

is because the solid lysozyme contains salt ions. The
pH was then adjusted by adding small amounts of
HCl or NaOH. The resulting ionic strength was
unknown. The chemical potential for a protein with a
high charge number depends largely on the ionic
strength, if the ionic strength is in the range 1-10
mM (for the used lysozyme concentration). This
means that the driving force (the chemical potential
gradient) in the general model will be ionic strength
dependent. This is normally not a problem since the
ionic strength is set and thereby known. In the
present study the ionic strength was unknown and
was set to a value such that the general model gave

ligq

liquid diffusion coefficients that agreed well with
literature data for lysozyme in idea systems (Table
1).

The chemical potential as a function of concen-
tration was calculated for different ionic strengths.
These functions were then used to model the diffu-
sion process and the model fitted to experimental
data. The function that gave liquid diffusion co-
efficients that matched the literature data was in this
way used to estimate the ionic strength. In this study
the function for chemical potential obtained at an
ionic strength of 5 mM resulted in the best agree-
ment and was thus used to evaluate al the experi-
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Interface

Fig. 7. Photographs of experimental interference patterns obtained with HLI. No. 1: pH 4, 0.005 M NaCl, t=423 min. No. 2: pH 4, 0.1 M

NaCl, t=431 min. No. 3: pH 11, 0.005 M NaCl, t=409 min.

ments at low ionic strength. Fig. 8 shows Fick’s law
and the general model fitted to the experimental
concentration profile in the liquid phase at pH 4, at
low ionic strength (Experiment No. 6, t=187 min).

5.4, Experimental gel diffusion coefficients

The concentration profiles in the gel phase were
evaluated using the assumption that the ionic
strength was the same as in the liquid phase. The gel
slabs had been equilibrated in a solution prepared in
the same way, with adjusted pH, as the solution the
protein had been dissolved in before each experi-

Table 4
Liquid diffusion coefficients® obtained with HLI at 25°C
Exp. lonic pH Dyigrick Diiqem”
strength (107" m®/s) (107" m?/s)
(M)
1 0.1 4 11.0+1.2 10.0+1.2
2 0.1 4 11.7€1.3 10.6x1.2
3 0.1 5.6 12.3+22 11.7+2.3
4 0.1 5.6 14.0+19 13.4+1.8
5 0.005 4 54.2+7.2 13915
6 0.005 4 51.00+3.2 12.5+0.8
7 0.005 11 12.4+17 10.2+14
8 0.005 11 16.1+2.9 13.0+21
9 0.005 5.6 51.9+4.4 14.9+1.3
10 0.005 5.6 41.5*+8.3 11.7+24
11 0.005 5.6 36.2+6.5 11.1+2.0

“Mean=*standard deviation within each experiment based on
several interference patterns evaluated at various times.

® Obtained using Ficks law.

° Obtained using the general model (GM).

ment. From the interference patterns in the liquid and
in the gel phase it could be seen that the same trend
occurred in both phases (see Fig. 7). Ge diffusion
coefficients were obtained by fitting theoretical con-
centration profiles to experimental concentration
profiles. The best fit was obtained by minimising the
object function, Eq. (14).

Using Fick’s law the obtained diffusion coeffi-
cients at low ionic strength were abnormally high at
pH 4 and 5.6. Evaluation of the experiments at pH 4
and 5.6 using the general model, resulted in diffusion
coefficients that were lower than those obtained by
Fick's law but which were sometimes higher than
those obtained in the liquid phase using the genera
model. At high ionic strength and at pH 11, both
models gave diffusion coefficients that agreed well
with each other.

Diffusion coefficients obtained from the fitting
procedure are presented in Table 5 for all experi-
ments. Fig. 9 shows Fick’s law and the general
model fitted to the experimental concentration profile
in the gel phase a pH 4, a low ionic strength
(Experiment No. 6 t=187 min).

5.5. Partition coefficients

The partition coefficients obtained are presented in
Table 6. The protein net charge at pH 11 is close to
zero, which makes the protein very prone to precipi-
tate. This made it difficult to perform experiments at
pH 11. In both experiments at pH 11, it was possible
to detect a small amount of lysozyme that had
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Fig. 8. Fick's law and the genera model fitted to the experimental concentration profile obtained in the liquid phase after 187 min.
Experiment No. 6: solid line, Fick’s law; dotted line, the general model; x=experimental concentration.

precipitated. This can be one reason why the ob- the molecules do not repel each other and might exist

tained partition coefficient at pH 11 is lower than at as oligomers, instead of monomers and dimers. At

other pH values. Another possible explanation could pH 4 and 5.6, lysozyme exists as monomers or

be that since lysozyme at pH 11 is amost neutral, dimers [25]. Since oligomers are larger than the

Table 5

Gel diffusion coefficients® obtained with HLI at 25°C

EXp. lonic pH Dgrioi Dyou” Dyou”
strength (107" m®/s) (107" m?/g) (107" m?/s),
(M) ionic strength

0.002

1 0.1 4 9.10+1.4 8.4x15 -

2 0.1 4 8.8+0.6 8.2+05 -

3 0.1 56 8.00+0.5 75+05 -

4 0.1 56 7.4+05 6.9+0.5 -

5 0.005 4 33.00+2.1 165+1.3 7.21+0.6

6 0.005 4 324+12 15.2+05 6.8+0.2

7 0.005 11 85+1.0 8.1+1.0 8.1+1.0

8 0.005 1 9.3+0.9 9.0+0.9 9.0+0.9

9 0.005 56 345+17 15.8+0.6 8.3+04

10 0.005 5.6 28.0+2.9 13.4+1.3 6.3+0.5

11 0.005 5.6 252+2.2 13.7+1.3 6.3+0.60

#Within each experiment several interference patterns were evaluated and hence the value presented here is the mean=standard deviation.
® Obtained using Fick's law.
© Obtained using the genera model (GM).
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Fig. 9. Fick'slaw and the general model fitted to the experimental concentration profile obtained in the gel phase after 187 min, experiment
No. 6. Solid line=Fick’s law, dotted line=the general model, x=experimental concentration..

monomers and the dimers, they might be more
restricted by the polymer network in the gel.

The partition coefficients obtained here were of
the same size or dlightly lower than the one used in
the simulation study (k=0.86 [24]). The volume

Table 6

Partition coefficients®, k, and the ratio Dg/DIlq obtained with HLI

Exp.  lonic pH Kk Dy/Dyg”  Dy/Dyy’
strength
(M NaCl)

1 0.1 4 0.71+0.05 0.83 0.84

2 0.1 4 0.75+0.05 0.75 0.77

3 0.1 56  0.84*0.05 065 0.64

4 0.1 56  095+0.05 053 051

5 0.005 4 0.70+0.05 061 1.19

6 0.005 4 0.81+0.05 0.63 1.22

7° 0.005 11 050+0.04 0.68 0.79

g 0.005 11 0.38+0.02 058 0.69

9 0.005 56  0.76x0.04 0.68 1.06

10 0.005 56  0.80+0.05 0.68 1.15

11 0.005 56  0.80x0.05 0.69 1.23

“Best estimated valuexmaximum deviation.

® Gel diffusion coefficients obtained with Fick's law.

“Gel diffusion coefficients obtained with the general model
(GM).

4 Small amounts of lysozyme have precipitated.

fraction of polymer in Vonk’s study [24] was lower
than the polymer fraction in this study. A higher
polymer fraction should result in lower partition
coefficients and hence the trend in this study seems
correct. However, except for Experiments 7 and 8
the obtained partition coefficients overlap each other.
Any conclusions about the influence of pH and ionic
strength can therefore not be made.

The total number of fringes in each phase is set by
the concentration difference between the interface
and the unaffected part of the phase (top/bottom).
The concentration at the unaffected part of each
phase is constant and equal to the start concen-
trations. Therefore, if the concentration at the inter-
face in each phase is aso constant, then the total
number of fringes during an experiment should be
constant.

It was observed that the total number of fringesin
each phase was constant during an experiment, as
long as the diffusion process was stopped before it
reached the end of any of the phases. This was
observed in all experiments, not only in those with
high ionic strength that behave idealy, but also in
the experiments with low ionic strength and non-
ideal behaviour.
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6. Discussion
6.1. Experimental liquid diffusion coefficients

At pH 4 and low ionic strength, the obtained
diffusion coefficients of lysozyme in liquid differed
significantly depending on which model was used for
evaluation (Table 4). Using Fick’s law resulted in
abnormally high diffusion coefficients, while the
general model gave more probable values according
to the literature. At pH 4 and 0.1 M ionic strength
the diffusion coefficients obtained from the two
models agreed well and were in the same range as
the diffusion coefficient obtained at low ionic
strength with the general model.

The same trend could be seen at pH 5.6, but the
very high diffusion coefficients obtained with Fick’s
law were dlightly lower than at pH 4, which seems
reasonable since lysozyme has a lower charge at pH
5.6 than a pH 4. At pH 11, both models gave
approximately the same diffusion coefficients, which
are similar to those obtained at pH 4 and 5.6, with
high ionic strength.

The results show that if Fick’s law is used to
describe the diffusion process, then the obtained
diffusion coefficient varies with pH and ionic
strength, while the general model gives a diffusion
coefficient that is independent of pH, if the ionic
strength is known.

6.2. Experimental gel diffusion coefficients

All gel diffusion coefficients obtained at 0.1 M
NaCl were higher than the gel diffusion coefficients
used in the simulation study (6.3X 10 ** m®/s[24]).
This is surprising since the volume fraction polymer
in this study is higher than in the study by Vonk [24].
However, Vonk [24] obtained the diffusion coeffi-
cients indirectly by using chromatography experi-
ments. Diffusion coefficients obtained by chromatog-
raphy are based on eguations that contain several
physica constants. These constants have to be
known or determined experimentally at the same
time as the diffusion coefficient is determined. To
determine diffusion coefficients using holographic
laser interferometry, only the partition coefficient has
to be known. Therefore, the difference between the
two methods can be a possible explanation for the

difference between the values obtained here and the
one obtained by Vonk [24].

The gel diffusion coefficients obtained with the
general model were amost as high, and sometimes
even higher (Table 5), as those in the liquid phase.
From the picture in Fig. 7 the reverse was expected,
i.e, a lower diffusion coefficient in the gel since
diffusion in the gel phase is hindered. The simulation
results showed that the diffusive flux was ionic
strength dependent for charged molecules.

One possible explanation could be that the poly-
mer network in the gel phase interacts with the
charged lysozyme molecules. Not only lysozyme—
lysozyme interactions but also lysozyme—gel interac-
tions affect the diffusion process. Using Poisson—
Boltzmann’s equation it is possible to calculate the
electrostatic interaction energy as a function of the
distance between one lysozyme molecule and a plane
surface [26]. The surface can be either charged or
neutral. Fig. 10 shows the electrostatic interaction
energy as a function of the distance between a
lysozyme molecule and a neutral surface at differing
pH and ionic strength.

One interpretation of the curves is that the energy
required to push a lysozyme molecule towards the
neutral surface is inversely related to the distance
between the molecule and the surface. This means
that it is not probable that any lysozyme molecule
will be found close to the surface. The probability of
finding a molecule at a certain distance is given by
e(electrostatic interaction energy) (Flg 11) ASSUmlng that
no lysozyme molecule will be found until the
probability is aimost 1, gives that there will be no
molecules closer to the surface than 70 A (at pH 4
and 0.005 mM NaCl). If a cylindrical geometry is
assumed as a simplified description of an agarose
pore, it is possible to calculate how much the
accessible volume decreases due to the interaction
forces. Using an average pore diameter of 400 A for
4% agarose [27] (where the accessible pore diameter
for a lysozyme molecule is 400 A —2Xlysozyme
radius (Fig. 11)) and subtracting 270 A resultsin a
decrease in accessible volume of 48%. This would
lead to an increase in protein concentration by a
factor of 2 in the ‘accesible pore liquid. The
increase in concentration results in a higher chemical
potential in the ‘accessible’ pore liquid and hence
increased driving force for the diffusive flux.
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Fig. 10. Interaction energy as a function of the separation distance between a planar uncharged surface and a charged lysozyme molecule at
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Another more possible explanation could be that
the ionic strength is lower in the gel phase than in
the liquid phase. Evaluating the gel phase by assum-
ing ionic strengths lower than 5 mM gives lower
diffusion coefficients, and at 2 mM the diffusion
coefficients agree well with those obtained at 0.1 M
(Table 5). Since the used lysozyme powder contains
sat it is possible that the ionic strength in the
solution is higher than in the gel.

It is also probable that the obtained high diffusion
coefficients are a combined effect of the lower ionic
strength in the gel phase and the lysozyme fibre
interaction in the gel phase.

a activity (mol/m®)

b diffusion cell thickness (m)

C, concentration of protein in the gel phase
(mg/ml)

C, concentration of protein in the liquid
phase (mg/ml)

Cio initial concentration of protein in the gel
phase (mg/ml)

C,o initial concentration of protein in the

liquid phase (mg/ml)

Cieq equilibrium concentration of protein in
the gel phase (mg/ml)

Cyeq equilibrium concentration of protein in
the liquid phase (mg/ml)

Cint concentration of protein at the interface
(mg/ml)

C... concentration of protein at x=o (mg/
ml)

c concentration (mol/m?®)

G concentration (mol/m?®)

Cj(bulk) bulk concentration (mol/m?®)

D diffusion coefficient (m*/9)

Dest effective diffusion coefficient (m®/s)

D, gel diffusion coefficient in the gel phase

2

(m~/9)

Diiq liquid diffusion coefficient for lysozyme
(m?/s)

D, diffusion coefficient in the liquid phase
(m?/s)

F Faraday’s constant (As)

F, force (N)

J flux (mol/m?s)

k partition coefficient (-)

n refractive index (-)

P pressure (N/m?)

q charge (A9

R universal gas constant (J/mol K)

r distance (m)

S molar entropy (J/mol K)

T temperature (K)

t time (9

\Y; molar volume (m®)

X distance from the gel-liquid interface
(m)

z charge number (-)

AC,, total change in concentration between
the interface and the unaffected part of
the gel/liquid phase (mg/ml)

AC, change in concentration between fringe z
and the unaffected part of the gel/liquid
phase (mg/ml)

£, permittivity of vacuum (As/Vm)

€, dielectric constant of the solvent used
)

M chemical potential (J/mol)

i ol long-range electrostatic interactions (J/
mol)

An change in refractive index (-)

AX change in length (m)

A wavelength in air for the laser light (m)

v electrostatic potential (V)
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