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Abstract

Adsorption isotherms and effective diffusivities of lysozyme in a set of six preparative cation-exchange stationary phases
were determined from batch uptake data in a stirred vessel. Both a pore diffusion and a homogeneous diffusion model were
used in estimating diffusivities, with the isotherms fitted to a non-Langmuirian analytical isotherm equation. The capacities
inferred from the isotherms are found to be correlated with the surface area accessible to lysozyme, the effective surface
concentrations obtained being in agreement with values measured by different methods in various non-chromatographic
systems. The pore diffusivities show systematic trends with protein and salt concentration, and effects of pore size and
connectivity are also evident. Some trends in the homogeneous diffusivities are quite different to those in the pore
diffusivities, but these differences largely disappear when the homogeneous diffusivities are rescaled to account for
adsorption equilibrium behavior. Additional information is required to elucidate further the mechanisms of coupled diffusion
and adsorption in stationary phases. [0 1998 Elsevier Science BV. All rights reserved.
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1. Introduction

A wide variety of suitable stationary phases for
large-scale protein chromatography is available [1,2]
with different base matrix properties and different
functional group chemistry, even for the same chro-
matographic mode. Optimizing a given separation
involves selecting a stationary phase and finding the
most suitable operating conditions. Stationary phase
selection is usually done by extensive empirical
screening [3], and the subsequent adjustment of
operating conditions is accomplished largely heuristi-
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cally aswell. In order to place these tasks on a more
rational foundation, mechanistic relationships are
required between separation performance and
physicochemical parameters, including ones that
characterize the structure and properties of the
protein, the stationary phase and the eluent. We
describe elsewhere [4,5] our progress in developing
such relationships for protein retention, whilst the
present paper addresses full isotherms and diffusion-
al characteristics.

The measures of performance by which prepara-
tive and production-scale chromatography are judged
differ from those that are relevant to analytical
separations. For instance, such issues as capacity,
recovery and throughput are critical to large-scale
separations. Although some of these issues are
related to corresponding ones of concern at the
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analytical scale, the constraints at large scale typical-
ly require different approaches to optimization. An
example pertinent to the transport issues of interest
here is that of throughput. For analytical separations
the requirement is for rapid analysis, and this is
accomplished by using small and sometimes non-
porous stationary phase particles. For large-scale
separations, however, these strategies conflict with
capacity demands. small particles lead to an un-
acceptably high pressure drop in larger columns, and
non-porous or pellicular particles have intrinsicaly
low capacities. Thus preparative separations are
generally performed using large (tens to hundreds of
pm in diameter) porous particles [1,2].

The most obvious approach to increasing through-
put is to operate at a high flow rate, and the linear
velocities used in practice may be on the order of
hundreds of cm/h. Where the optimum lies for each
separation depends on a trade-off of throughput
against selectivity and recovery. However, the flow
rates used correspond to plate heights well beyond
the minimum in aVan Deemter plot, because of the
large particle sizes and the resulting long intraparti-
cle diffusion distances. There is thus an incentive to
obtain a better quantitative understanding of in-
traparticle diffusion, both for straightforward com-
parative studies and for use in more detailed column
models [6-8]. It is adso desirable to elucidate the
relationship of intraparticle diffusion to the stationary
phase structure, in order to aid in selection of
stationary phases and operating conditions, as well as
ultimately in stationary phase design.

Intraparticle diffusion is inherently difficult to
describe because of the complex mix of phenomena
occurring within the pore structure. Even in the
absence of adsorption, three distinct effects must be
considered:

(1) Hindrance: A macromolecule diffusing within
aporeis retarded by hydrodynamic interactions with
the bounding pore wall. This situation has been
analyzed in detail for idealized moded situations,
generally a sphere moving in a cylindrical pore [9].

(2) Partitioning: The average volumetric con-
centration of macromolecules within the pore space
is lower than that in the surrounding bulk solution
because the macromolecules are sterically excluded
from the immediate vicinity of the pore walls. The
partition coefficient can be estimated from simple

geometric arguments for idealized pore shapes
[10,11].

(3) Tortuosity. Diffusion between two points in a
convoluted pore space is retarded by two related
effects relative to that along a linear path. First, the
diffusion path is longer, and second, the concen-
tration gradient is less steep. The result is a so-called
tortuosity factor that has been shown empiricaly to
slow diffusion by a factor that is usually between 2
and 6 [12].

Realistically describing both restricted diffusion
and non-linear adsorption simultaneously within the
heterogeneous geometrical and functional milieu of
the pore space is impossible at present except in a
highly idealized fashion [13]. Thus the preferred
approach is to measure isotherms and intraparticle
diffusion rates, and it is such experiments that we
report here for ion-exchange materials. Our work
differs from previous results in two respects. First,
whereas most previous studies were based on a
single stationary phase, we have used a set of
commercial ion-exchange materials of which we
have previously characterized structural [4] and
retention [5] characteristics. Thus we are able to
perform a more extensive comparative study to help
understand how intraparticle transport is related to
structural parameters. Second, we have obtained
uptake results over a range of protein and salt
concentrations that help elucidate the coupling be-
tween retention and transport within the stationary
phase.

Intraparticle diffuson measurements are most
commonly performed via stirred-batch uptake experi-
ments; this is also the approach used here. Since the
rate of uptake into the chromatographic particles is
followed by measuring the residual protein con-
centration in the supernatant, intraparticle diffusion
coefficients must be estimated within the framework
of a suitable transport model, of which various
degrees of complexity are possible [7]. Severa
simpler limiting models were compared by Johnston
and Hearn [14], but for a realistic description of the
transport aspects only the most complex of the
models they examined [15] is satisfactory. The
transport formulation on which it is based has been
used for many years, including in column models; it
accounts for mass transfer to the surface of the
particles, diffusion within the pore lumen, and
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adsorption, characterized by an isotherm or some-
times by a kinetic description, on the pore walls.
Such models have been used to estimate diffusivities
in such media as ion-exchange [16-18], affinity [19]
and hydrophobic interaction [20] phases.

Transport models of this kind often fit uptake data
quite well, and where they do not, alternative
formulations, e.g., ones that allow for simultaneous
pore and surface diffusion [21,22] or for ‘‘homoge-
neous” diffusion of adsorbed protein [17,23], may be
more successful. How accurately any transport
model reflects the actual physical events within
porous particles is, however, open to question. In this
work we have made use of both the pore diffusion
and the homogeneous diffusion models, and in both
cases it is possible to obtain reasonable fits of the
experimental data. Thus model discrimination is not
feasible, and the principa value in our results lies
mainly in the comparison that is provided of a wide
range of different stationary phases. Previous reports
have provided only limited comparisons of this kind.
For instance, Johnston and Hearn [14] compared
uptake of three proteins into three DEAE anion
exchangers within the framework of a number of
different models, but only for two initial protein
concentrations and under very low salt concentra-
tions. Weaver and Carta [17] found significant differ-
ences in lysozyme uptakes into two cation ex-
changers, but these experiments were intended to
probe novel structural features that might be ex-
pected to lead to unusual uptake behavior in these
materials.

2. Experimental
2.1. Materials

Hen egg white lysozyme (L-6876) was obtained
from Sigma (St. Louis, MO, USA). All solutions
were prepared in ultrapure deionized (18.2 M) cm)
water from a Millipore Milli-Q system. Experiments
were performed in 10 mM phosphate buffer at pH 7
containing sodium chloride at a concentration of 0,
0.1 or 0.2 M. All buffers were filtered through 0.2
pm membranes (Gelman Sciences Supor) and de-
gassed with helium prior to use. Protein solutions
were syringe-filtered through 0.45 pm membranes to
remove large protein aggregates.

Six commercially available strong cation-exchange
resins were used. Batch adsorption experiments were
performed with Toyopearl SP650C and SP550C
(TosoHaas, Montgomeryville, PA, USA), SP Sepha-
rose FF (Pharmacia Biotech, Uppsala, Sweden),
Fractogel EMD SO, 650M (EM Separations,
Hawthorne, NY, USA), Bakerbond Carboxy-Sulfone
(Mallinckrodt Baker, Phillipsburg, NJ, USA), and SP
Spherodex M (Biosepra Inc., Marlborough, MA,
USA). These six cover a range of sorbent base
matrices (vinyl polymers, agarose, silica), mean
particle and pore sizes, and ion binding capacities,
some of these properties are summarized in Table 1.
The two TosoHaas materials are based on the same
methacrylate chemistry, but the 650 material has a
larger mean pore size than the 550. EMD SO, has
the same base matrix as TosoHaas 650, but is

Table 1
Structural properties of sorbents used
Sorbent Base matrix Mean particle €

diameter (um)

(0.36 nm)* (1.77 nm)

TosoHaas SP650C Vinyl polymer 110° 0.630 0.535
TosoHaas SP550C Vinyl polymer 110° 0.701 0.470
Pharmacia SP Sepharose FF Agarose 92° 0.844 0.694
EMD Fractogel SO, 650M Vinyl polymer 70° 0.685 0.436
Baker Carboxy-Sulfone Silica 40° 0.684 0.480
Biosepra SP Spherodex M Silica 90° 0.579 0.484

#Value represents viscosity radius of SEC probe for which porosity was determined. From ref. [4].

® Average of particle size distribution.

° Average of particle size distribution of TosoHaas SP650M (same base matrix).

“ Reported by manufacturer.
¢ Estimated by optical microscopy.
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derivatized to provide ‘‘tentacles’ to increase the
adsorbent affinity and capacity [24]. Biosepra SP
Spherodex is a dextran-coated silica material.

Detailed pore size distribution information has
been obtained by inverse size-exclusion chromatog-
raphy (SEC) [4]. Two porosities are shown for each
material in Table 1. The first is that based on the
smallest SEC probe (glucose), and thus provides a
measure of the total porosity. However, the smallest
pores are inaccessible to proteins, and thus a more
appropriate measure of the porosity for lysozyme
chromatography is one based on an SEC probe closer
in size to lysozyme [25]; the values for a dextran
standard with a viscosity radius of 1.77 nm are used
for this purpose.

All resins were pretreated with the appropriate
buffer prior to experimentation. All experimental
data were collected on a sorbent settled volume
basis.

2.2. Apparatus

Batch adsorption experiments were performed
using an experimental setup similar to that used in
numerous previous studies. The contacting vessel
was a 100 ml glass beaker to which an entrance port
was added near the base. The protein concentration
in the vessel was monitored by continuously with-
drawing a small sample through a solvent filter
(Upchurch Scientific, Model A302) with 10 pm
pores to keep the particles in the vessel. The protein
solution withdrawn was circulated, using a peristaltic
pump (Cole Parmer, Model 7520-35), through a
spectrophotometer (Isco, Model 226), before it was
returned to the beaker. The absorbance was mea
sured at 254 nm in a cell of path length 1 mm;
linearity of the absorbance with protein concentration
was assured under these conditions. Measurements
were recorded through a computer data acquisition
program (Isco ChemResearch). The hold-up volume
in the PTFE circulation loop was about 1.3 ml,
resulting in a circulation time of about 6-8 s at the
flow rates used in these experiments (9—13 ml/min).

The suspension was agitated by a PTFE paddle
driven from above by an electric mixer via a glass
shaft (Kontes, Vineland, NJ, USA). Magnetically
driven dtirrers were avoided to minimize particle
breakage. Mixing was further improved by four

removable Delrin baffles around the periphery of the
vessel. To minimize protein denaturation at the
solution—air interface, especialy in the presence of a
vortex, a floating Delrin cap was used. Two holes in
the cap allowed for the removal of solvent through
the filter and introduction of the stirring shaft from
above.

2.3 Procedures

In each experiment, the baffle-containing vessel
was loaded with a known volume of buffer (approx.
74-79.5 ml). Baseline measurements were made
once the stirrer and pump were turned on. To
achieve the desired initial protein concentration,
approximately 0.5 to 6.0 ml of a concentrated
lysozyme solution (~40 mg/ml) was added to the
vessdl, giving a total volume of 80 ml. One milliliter
of the vessel contents was withdrawn and stored in a
1.5 ml polypropylene centrifuge tube for subsequent
off-line absorbance measurement to provide an exact
value for the initial protein concentration.

To start the uptake portion of the experiment, 1.6
ml of a 1:1 (v/v) suspension of the stationary phase
was quickly introduced. Data were recorded for the
first hour, and for an additiona hour or two if a
significant amount of uptake appeared still to be
occurring. Changes in bulk solution concentration
were typically small, although not insignificant, at
longer times. To avoid particle breakage during
extended agitation, the experiment was terminated
after 3 h at most. The particles and the suspending
protein solution were transferred to a 125 ml
Nalgene bottle to allow adsorption to proceed to
completion. The final concentration was measured 24
h later to obtain an equilibrium value of protein
uptake for constructing an adsorption isotherm.
Equilibrium adsorbed amounts g* were calculated by
material balance from the initial (c,) and final (c*)
protein concentrations, the solution volume, V,, and
the adsorbent settled volume, v,

C, — C*)V,
ot = % (l)
ads
In some cases additional solution depletion/batch
adsorption experiments were performed to provide
additional isotherm points. Protein solutions of vari-
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ous volumes and concentrations ranging from 0-3
mg/ml were prepared in 15 and 50 ml graduated
centrifuge tubes, using 0.3 and 1.0 ml respectively of
1:1 particle suspension. The vials were sealed and
mixed by gentle tumbling for 24 h before final
concentration measurements were made.

3. Theory

As discussed in the Introduction, a variety of
models have been used to characterize transport of
proteins and other solutes in porous particles. Since
we are interested mainly in the comparative behavior
of different stationary phases, it is desirable to fit the
experimental data in terms of a minima number of
parameters, the values of which can then be com-
pared for the different materials. We have done so for
two of the most frequently cited models, namely the
pore diffusion model and the homogeneous diffusion
model. In each case we have treated only one
parameter, an effective diffusivity, as being adjust-
able. In some cases we also combined the models to
alow effectively for paralel pore and ‘‘surface”
diffusion [21,22], but the additional degree of free-
dom provided by this two-parameter model only
sometimes resulted in better fits, and then at the cost
of more questionable physical interpretation. The
results of these calculations are thus not presented
here. Even for the one-parameter models, however,
we are not yet in a position to undertake a reliable
effort in model discrimination. Nevertheless, our
previously acquired information on sorbent material
properties allows us to correlate the effective dif-
fusivities from the one-parameter models to the
structural characteristics of each adsorbent.

3.1. Pore diffusion model

In the pore diffusion model, diffusion is assumed
to take place in the liquid-filled pores, accompanied
by adsorption on the bounding pore walls. This
behavior is described by the diffusion equation

ac D, 9 ,0c aq
ot % 2o ar ot @

where ¢ and g, the concentration of protein in the

pores and adsorbed respectively, are expressed as
functions of radia position r and time t. D, is the
effective pore diffusivity, and €, is the interna
porosity of the stationary phase. ¢ is expressed per
unit accessible pore volume, while q is expressed per
unit settled volume of sorbent, including both solid
and pores.

The form in which the diffusivity is expressed in
Eg. (2) explicitly shows only the dependence on
effective porosity, €, (including partitioning); the
effects of hindrance and tortuosity are lumped into
the effective pore diffusivity D, as D,=K,D, /7,
where K, reflects the hindrance, 7 the tortuosity, and
D,, the diffusivity in free solution. The reason for not
including K, and 7 explicitly is that they are more
difficult to predict for materials with pore structures
as complex as those examined here. The dependence
on ¢, is more straightforward, athough the porosity
is effectively reduced at high solute loadings as a
result of the presence of adsorbed protein. The net
contribution of the various effects that retard protein
transport can be assessed from the ratio of the value
of D, estimated from our experiments to the free
solution diffusivity D,,.

Adsorption is assumed to be at equilibrium local-
ly. Thus, the amount of q at a given radial position r
and time t is fixed by the isotherm relation

q(r.t) = g*[c(r, 1)] 3

alowing the aqg/at term to be rewritten in terms of
aclat and combined with the derivative on the left-
hand side of Eq. (2). The isotherm Eq. (3) is amost
aways expressed in the form of the Langmuir
isotherm, the assumptions underlying which are
rarely satisfied for protein adsorption. Furthermore,
protein adsorption isotherms often deviate noticeably
from the Langmuir form. We thus fitted our ex-
perimental isotherm data to a form suggested by a
novel isotherm equation that we have developed
based on a colloidal theory of protein adsorption
[26]:

o+ =2—eqexp[8\/q’* exp(—v/V/a)] (@)

Here K, is the adsorption equilibrium constant in
the dilute (Henry’s Law) limit, and B and y are
lumped parameters that characterize protein—protein
electrostatic repulsion and the protein packing on the
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surface. Despite the physical basis for this isotherm
equation, in the present work we treat it simply as a
functional form to which our data are fitted.

Eqg. (2) must be solved subject to boundary and
initial conditions expressing the flux at the surface of
particle,

ac
epr-E=kf(cb—c) ar=R (5)

the symmetry at the center of the particle,

Jc
ar = 0 ar=0 (6)
and the initial absence of protein from the particle
interior,

c=q=0 at=0 (7

In addition, because of the finite volume of the
contacting vessel, a mass balance on the protein,

R
v
Sﬁdj f (6,C+ Q> dr +C,V, = CV, (8)
0

is used to calculate the protein concentration in the
supernatant. It is at this level that the calculations are
compared to experimental measurements. In these
equations, k. is the mass transfer coefficient of
protein from the bulk to the surface of the particle, c,
is the supernatant protein concentration and ¢, is its
initial value. The particles are assumed to be mono-
disperse spheres of radius R. We have also performed
calculations that incorporate more complete infor-
mation on the particle size distribution, but the
resulting effects on estimated diffusivities are quite
small, and were not incorporated in our parameter
estimation in the interest of computational economy.

Because of the nonlinearity of the adsorption
isotherm, the equations were solved numerically,
using a finite difference scheme on a non-uniform
grid. D, was estimated by |east-squares minimization
of the difference between the experimental and the
numerically calculated c,’s at the t values for which
experimental measurements were available. Two
non-linear least-squares procedures were used, viz.
the Nelder—Mead Simplex algorithm [27] for initial
estimates, followed by the Levenberg—Marquardt
algorithm [28] for fina estimates. The mass transfer
coefficient k, was not treated as adjustable, but was

calculated for the mean particle size (Table 1) from
the correlation [29]

D, o\ -23 (Ap pg\*e
kf:?+o.31-(pD > <7> ©)

where u and p are the fluid viscosity and density
respectively, Ap is the density difference between
the fluid and the particles and g is the gravitational
acceleration. This correlation has been used previ-
oudy in studies of this kind, e.g., [19].

3.2, Homogeneous diffusion model

In the homogeneous diffusion model, all protein
within the particle, whether free or adsorbed, is
lumped into the single quantity q (still a function of r
and t). Protein diffusion within the particle is then
assumed to be governed by the gradient in the total
protein concentration g, resulting in the governing
equation

9 _Pn 0 .09

at 2 ar " ar (10)

The effective homogeneous diffusion coefficient D,
will typically be smaller than D, for a corresponding
system, because of the concentrating effect of ad-
sorption: q is generaly locally higher than c, and the
gradient aq/ar is correspondingly higher than oc/ar.

Eqg. (10) is to be solved subject to boundary,
initial and mass balance conditions adapted from
those for the pore diffusion model. The modifications
are straightforward, the most important being to the
surface flux Eq. (5), which now incorporates the
isotherm information

9q
D, =klc,—c*(a)] ar=R (11)
Here c*| is the concentration of protein in solution

that isin equilibrium with the total concentration q at
the particle surface.

4. Results and discussion

4.1. 1sotherms

Adsorption isotherm data were obtained for lyso-
zyme on al the adsorbents under different salt
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Fig. 1. Adsorption isotherms for lysozyme on Pharmacia SP
Sepharose FF a pH 7 and 0.1 M (squares) and 0.2 M (circles)
NaCl. Solid lines are fits based on Eq. (4) with parameters as
given in Table 2.

conditions. Typical data are those shown for SP
Sepharose in Fig. 1. The usua trend is observed in
which an increase in the salt concentration leads to a
decrease in the initial slope of the isotherm, which is
pronounced enough that a plateau is not always
reached within the concentration range studied.
Furthermore, even where the isotherm does level off
to some extent, a well-defined plateau is not aways
present.

The qualitative observations of isotherm shape
also have implications for the quantitative fitting of
an isotherm equation to the data. Although the
Langmuir equation is able to fit some data sets
adequately, experimental data sets generally diverge
from the Langmuir form by showing less deviation
from linearity at low coverages and more deviation,
i.e, a‘‘softer’” form, at higher coverages. As shown
in Fig. 1, however, the form given in Eq. (4) is able
to follow the experimental data quite well. This is
due, in part, simply to the flexibility afforded by
having three parameters instead of the two in the
Langmuir equation, but the main point is that the
isotherm data are suitably described in analytical
form.

The fitted parameters for all the isotherm data are
given in Table 2. The equilibrium constant K.,
decreases with increasing salt concentration for each

Table 2

Adsorption isotherm fit parameters

Sorbent [NaCl] (M) Keq B y
SP650C 0.1 683 1.85 5.07
SP550C 0.1 16200 4,91 24.3
SP550C 0.2 465 8.48 33.6
SP Sepharose 0.1 1080 4.43 23.8
SP Sepharose 0.2 27.0 0.221 114
Carboxy-Sulfone 0 6810 1670 120
Carboxy-Sulfone 0.1 1670 293 835
EMD SO, 0.1 2820 98.5 58.2
EMD SO, 0.2 192 104 61.7
SP Spherodex 0 9000 42.3 4.8
SP Spherodex 0.1 6650 281 12.2

adsorbent as expected, and the rank order when all
the adsorbents are compared at the common salt
concentration of 0.1 M corresponds closely to that
found for k’ values in column isocratic elution
experiments [5]. Although k' data were not obtained
a 0.1 M in that work because of the extremely
strong retention that would have resulted, the ranking
at higher salt concentrations was the same as that for
Key here except for the reversal of the order of the
Carboxy-Sulfone and the EMD SO, materiads. In
addition, for those equations for which K., and k'’
data are available, the quantitative agreement is very
good.

The values of B and v, including the trends with
salt concentration, are less easily interpreted. There
is more scatter in B than in v, reflecting the different
physica significance of the two parameters. In the
idealized model [26], B characterizes the mutual
exclusion of particles from the surface, which, in the
porous adsorbents used here, would also depend on
the detailed pore structures; this would explain the
wide variation among the different materials. y, on
the other hand, characterizes mainly the protein and
the solvent in the idealized model, athough it
depends also on the total adsorbent capacity; the
variation here is much smaller.

The resulting isotherms are shown for the 0.1 M
NaCl datain Fig. 2; only the fitted curves are shown
in the interest of clarity. The plateau levels, which
provide a measure of the adsorption capacity, cover
about a five-fold range. The capacities are, in
general, correlated with the affinities (characterized
by the initial dopes of the isotherms); this is to be
expected, as both should depend on the phase ratio.
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Fig. 2. Comparison of lysozyme adsorption isotherms on different stationary phases at pH 7 and 0.1 M NaCl. Lines show fits of Eq. (4) with

parameters as given in Table 2. Key: SP650C, — - — SP550C, —- - - —-; SP Sepharose. — —: Carboxy-Sulfone,

SP Spherodex, - - -.

The correlation is not perfect, however, especially
among the high-affinity TosoHaas SP550C,
Carboxy-Sulfone and Spherodex adsorbents.
Quantitative insight into these isotherm trends can
be obtained by correlating them with structures of
the stationary phases. The initial dopes of the
isotherms are analyzed in this way elsewhere [5],
while here we focus on the stationary phase capacity.
Table 3 lists, for each of the stationary phases, a
comparison of the static capacity with various struc-
tural parameters determined separately [4]. The

. EMD SO,, — —

accessible volumes and surface areas are those for a
dextran probe of viscosity radius 1.77 nm, consistent
with the values shown for the porosities in Table 1.
The capacities shown characterize the upper limit of
the plateau regions shown in Fig. 2.

Table 3 shows the capacities to correspond to a
wide range of effective intrapore concentrations, the
highest representing effective volume fractions of
about 50%. In contrast, the capacities are quite well
correlated with the accessible surface area for ad-
sorption. The surface coverages are all in the vicinity

Table 3

Comparison of static capacities at 0.1 M with structural parameters of different stationary phases [4]

Sorbent Capacity Mean Specific Specific Pore Surface

(mg/cm?®)? pore pore surface concentration concentration

radius volume area (mg/cm®)® (mg/m?)
(nm) (cm*/cm®)° (m*/em®)°

SP650C 31 76.6 0.316 19.3 98 161

SP550C 121 838 0.290 81.6 417 148

SP Sepharose 92 24.7 0.451 425 204 2.16

Carboxy-Sulfone 146 12,6 0.250 53.6 584 2.72

EMD SO, 112 16.5 0.251 58.9 446 1.90

SP Spherodex 72 343 0.305 34.2 236 2.10

Per unit settled volume, characterized by q a 3 mg/ml lysozyme, from isotherm equation.

® Accessible pore volume (for 1.77 nm probe) per unit packed volume.
° Accessible surface area per unit settled volume.
“ Per unit accessible pore volume.
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of 2 mg/m?, which agrees well with both coverages
measured experimentally by direct methods and
coverages calculated for close packing of lysozyme
on a planar surface [30—32]. There are uncertainties
in these calculations arising especialy from the
assumption of simple cylindrical pores. This assump-
tion is particularly questionable for gel-based materi-
als such as Sepharose and for the tentacular EMD
SO, , and the irregular nature of the internal surface
of silicamay explain the rather high apparent surface
concentration found for the Carboxy-Sulfone. De-
spite these uncertainties, the results indicate that
adsorbent capacities are determined largely by the
surface area accessible for adsorption by the protein
of interest, and that the high effective concentrations
can be explained directly by adsorption rather than
partitioning capacity. Thus the appropriate phase
ratio to use for analysis of ion-exchange capacity is
based on surface area rather than volume. As dis
cussed elsawhere, the affinities appear to be in-
fluenced much more strongly by the nature of the
adsorbent, which affects the protein—adsorbent inter-
action [5].

4.2. Uptake data

L east-squares fits were performed on all the data
sets with both the pore and homogeneous diffusion
models. A representative group of data sets is shown
in Fig. 3 for fits of the pore diffusion model to
uptake data on TosoHaas SP650C at 0.1 M NaCl.
The data are presented in terms of the protein
concentration in the supernatant, normalized to the
initial value to alow all the sets to be presented on
the same plot. The fits were performed for different
times in order to stress data at shorter times, for two
reasons. The first was simply so that the estimate of
the diffusivity would be based primarily on the
period during which the bulk of the uptake actualy
occurred. The second was that because of scatter in
the isotherm data and the additional small amount of
uptake that took place over very long time periods in
our isotherm data acquisition, the apparent asymptote
within data windows such as that shown in Fig. 3
often differed from that represented by the analytical
isotherm equation. Such discrepancies are apparent
towards the end of the fit periods shown. Including
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Fig. 3. Fits of pore diffusion model to lysozyme uptake data on
TosoHaas SP650C at pH 7 and 0.1 M NaCl. Experimental data,
solid lines;, model fits, broken lines. Initial protein concentrations
(from top): 1.36, 0.98, 0.48, 0.24 mg/ml.

data at longer times in the fitting procedure would
bias the estimate of the diffusivity unreasonably.
Fig. 4 shows the estimates of the diffusivities
obtained for data a 0.1 M NaCl for the runs for
which the fits were judged reasonable; the quality of
fit shown in Fig. 3 is typica. The range of dif-
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Fig. 4. Estimated pore diffusivities for lysozyme uptake into
various stationary phases at pH 7 and 0.1 M NaCl. Key: SP650C,
V; SP550C, A; SP Sepharose, B; Carboxy-Sulfone, +; EMD
SO, ,@; SP Spherodex, X.
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fusivities obtained can be judged relative to that in
free solution, viz. 11.3-10" " cm?/s [25]. The fitted
values almost all lie between 0.6 and 6-10° 7 cm?/s,
corresponding to effective tortuosities between about
2 and 20. There is a clear but weak trend for the
diffusivities measured on any one stationary phase to
decrease with increasing protein concentration. This
may be due to protein—protein interactions, including
steric, electrostatic and hydrodynamic effects.
Another contribution may come from the pore
congtriction that results from protein adsorption;
although the diffusivities seem to decrease even in
the plateau region of the isotherm in some cases, this
isdue in part to the fact that the abscissais the initial
protein concentration in the supernatant.

In comparing the diffusivities to the stationary
phase properties (Table 3), there appear to be
different structural factors that can contribute to the
transport rate. Mean pore size can clearly play arole,
as is seen most clearly by comparing the two
TosoHaas materials, with the wide-pore SP650 dis-
playing diffusivities about double those of the nar-
row-pore SP550. However, other pore structure
characteristics may be more important for all but
truly restrictive pores. The EMD SO, diffusivities
very nicely parallel the SP650 ones despite the
appreciable reduction in mean pore size and the
increases in affinity and capacity afforded by the
“tentacle’’ derivatization. The higher diffusivities
seen in SP Sepharose than in SP Spherodex, despite
the larger mean pore size of the latter material,
suggest that a critical structural feature is pore
connectivity. The agarose matrix on which Sepha-
rose is based has a very open gd structure compared
to the silica support of Carboxy-Sulfone. The re-
sulting high degree of connectivity allows constric-
tions to be circumvented, so that pore occlusions are
less likely to limit transport. The gel structure of
course raises the question of whether Sepharose
should really be described in terms of “‘pores’ such
as those implied in fitting the inverse SEC data
[4,33], but the measure obtained of the size dis-
tribution should be a reasonable approximation.

Another relevant parameter may be adsorption
affinity, with the higher affinities, as characterized by
Ke, for example, correlated with lower diffusivities.
This correlation holds up even if the affinities are
corrected for accessible surface area, and it may be a

contributing factor in the contrast between the two
TosoHaas materials discussed above in the context of
mean pore size. Adsorption affinity may be a factor
if protein molecules penetrate the particles by virtue
of multiple successive cycles of diffusion, adsorption
and desorption, since desorption would be slow
under high-affinity conditions.

Clear trends are also apparent in the parameter fits
obtained using the homogeneous diffusion model
(Fig. 5). The diffusivities are now generally about
two orders of magnitude lower than the pore dif-
fusivities, and there is a consistent, and in some
cases strong, increase in the estimated diffusivity
with increasing protein concentration. These features
are a result of the nature of the homogeneous
diffuson mode in basing the protein flux on the
overall intraparticle concentration rather than on the
concentration of just the unadsorbed protein; the total
intraparticle concentrations, and hence concentration
gradients, are much higher as a result of adsorption.
This effect can be seen in explicit quantitative terms
most easily for the limiting case of a linear ad-
sorption isotherm and local adsorption equilibrium:
the effective homogeneous and pore diffusion co-
efficients are related by D, =¢€,D,/(e, +K,,) [34].
This result thus suggests that the low values of D,
are due to the very high values of K, (Table 2).

Most of our uptake experiments were performed at
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initial protein concentrations well beyond the linear
region of the isotherm, so despite the decrease in c
over the course of the experiment, the limiting result
for linear isotherms will underpredict D,, because of
the convex upward form of the isotherm. A generali-
zation of the linear result to arbitrary isotherms is
that D, is given localy by D,=¢€,D,/[€,+(dg*/
dc*)], which implies that it varies with both time and
position. If this expression is used to estimate D,, at
the initial protein concentration, i.e., furthest out on
the plateau, the gradient in the denominator will be
smaller than any average over the course of the
experiment, and thus D,, will be overestimated. Thus
to provide an intermediate estimate of whether the
trends in Fig. 5 are reasonable, (g/c) at the initial
condition of the experiment was used to correct for
the enrichment due to adsorption. The resulting
quantity Dy[e,+(d/c);]/€, is shown in Fig. 6 for
the experiments for which D,, data are presented in
Fig. 5. The resulting plot is remarkably similar, both
qualitatively and quantitatively, to that of D, (Fig.
4), the most noticeable difference between the two
plots being that the results for TosoHaas SP650C and
for EMD SO, are no longer aligned.

These results indicate that, despite the distinct
differences between the two models and the large
qualitative and quantitative discrepancies between
the patterns in the two diffusivity plots, the two
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Fig. 6. Estimated homogeneous diffusivities from Fig. 5, rescaled
to account for ratio of adsorbed and free protein concentrations.
Key as in Fig. 4.

models actually provide very similar representations
of the data. Thus either model is capable of describ-
ing the uptake results for which diffusivity estimates
are shown, which include a large majority of the
experiments performed. The only stationary phases
for which good fits could not be obtained in several
cases were the Carboxy-Sulfone and Spherodex
materials, both of which, interestingly, are based on
silica supports.

That there is no clear basis for model discrimina
tion between the two models also means that the true
physica processes occurring within the particles
cannot be inferred directly from the data. As pointed
out by Weaver and Carta [17], the two modes of
behavior can be distinguished by plotting the ex-
perimental data not in terms of the residual superna-
tant protein concentration, but in terms of the amount
of protein taken up, which can be calculated from a
mass balance. A “‘signature’’ of homogeneous diffu-
sion is that the uptake curves overlap for concen-
trations in the plateau region of the isotherm. This
behavior indicates that the uptake rate is independent
of the free protein concentration, and instead depen-
dent on the total amount of protein in the particles.
We did not see clear evidence of such behavior for
any of the stationary phases that we investigated.
Weaver and Carta saw such behavior for a Biosepra
Hyper D material, which comprises a rather dense
gel within silica pores and thus may be expected to
display transport behavior that is dominated by
adsorbed protein. In general, though, determining the
physica mechanisms of transport and adsorption is
likely to require independent experiments, e.g., using
microscopy methods [35-38]. It appears that model-
ling of protein uptake can be performed equivaently
using either mode, the pore diffusion model having a
clearer physical basis.

All the dynamic uptake results presented thus far
were for experiments performed at 0.1 M NaCl. We
aso investigated the effect on uptake rates of
increasing or decreasing the salt concentration. Fig. 7
shows results for the pore diffusion modd for all the
adsorbents except TosoHaas SP650C. The clear
trend is for the effective diffusivity to increase with
increasing salt concentration. It is unlikely that thisis
due to a direct sat effect on protein diffusion over
such a small range of salt concentration [39]. Instead,
it is likely that the sdt effect is related to the
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modulation of protein—protein and protein—surface
interactions. There are several mechanisms to be
considered:

(1) As the salt concentration is decreased, electro-
static protein—protein repulsion becomes stronger
because of the reduced screening, and this may cause
the diffusion of an individual protein molecule to be
influenced by other nearby molecules. This effect
would of course be enhanced as the protein con-
centration increases. However, strong repulsion be-

tween particles in simple gradient diffusion increases
the effective diffusion coefficient [40].

(2) The repulsion between free, diffusing protein
molecules and their adsorbed counterparts is in-
creased a lower salt concentrations. This is con-
ceptually similar to protein partitioning and transport
in a pore of like charge, which results in a reduction
in diffusivity with increasing repulsion [9].

(3) Protein transport within the particle may occur
in part via a mechanism of successive desorption,
diffusion and readsorption. In this case the stronger
binding at lower salt concentrations would lead to
slower desorption, which would retard the overall
process.

(4) If true surface diffusion occurs, it too may be
retarded by the stronger binding that occurs at lower
salt concentrations.

Again it will be difficult to determine which
effects are dominant simply from uptake experi-
ments, and indeed resolving some of these issues
may be impossible within the limitations of current
experimental capabilities.

5. Conclusions

We have presented comparative results of lyso-
zyme adsorption equilibrium and mass transfer on
six different cation exchangers. There are clear
differences among the results on the different materi-
als, most of which can be correlated with stationary
phase structural parameters. The protein adsorption
capacity of an adsorbent is strongly correlated with
the accessible surface area, and less so with the
intrinsic adsorption affinity. Uptake dynamics are
influenced to a large extent by mean pore size, but
other structural parameters, such as pore connectivity
and adsorption affinity, also play a role. The impor-
tance of the pore size distribution, and not just the
mean pore size, is borne out by the centra role
played by the accessible pore space, which differs
for proteins of different sizes. More detailed in-
formation on the pore size distributions of different
adsorbents is presented elsewhere [4], and can be
used to estimate structural parameters for proteins
other than lysozyme.

Various different mass transfer models have been
used to describe uptake into chromatographic par-
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ticles in the past. Our results show that more than
one such model may often be capable of describing
uptake data equally well, without resolving questions
regarding the physical mechanisms of coupled diffu-
sion and adsorption. Independent methods, capable
of higher resolution, are necessary to explore this
issue further. For the present, however, our results
facilitate approximate prediction of stationary phase
properties that can be useful in stationary phase
selection and optimization of operating conditions.
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