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a b s t r a c t

Single and multicomponent batch adsorption kinetics were obtained for deamidated mAb variants on two
commercial cation exchangers, one with an open macroporous structure – UNOsphere S – and the other
with charged dextran grafts – Capto S. The adsorption kinetics for the macroporous matrix was found to
be controlled largely by pore diffusion. The effective diffusivity estimated from single component data
was a fraction of the mAb free solution diffusivity, and its value could be used to accurately predict the
adsorption kinetics for two- and three-component systems. In this case, when two or more variants were
adsorbed simultaneously, both experimental and predicted results showed a temporary overshoot of the
amount adsorbed above the equilibrium value for the more deamidated variant followed by a gradual
approach to equilibrium. Adsorption rates on the dextran grafted material were much faster than those
observed for the macroporous matrix for both single component and simultaneous adsorption cases. In
this case, no significant overshoot was observed for the more deamidated forms. The Capto S adsorption
kinetics could be described well by a diffusion model with an adsorbed phase driving force for single

component adsorption and for the simultaneous adsorption of multiple variants. However, this model
failed to predict the adsorption kinetics when more deamidated forms pre-adsorbed on the resin were
displaced by less deamidated ones. In this case, the kinetics of the displacement process was much slower
indicating that the pre-adsorbed components severely hindered transport of the more strongly bound
variants. Overall, the results indicate that despite the lower capacity, the macroporous resin may be more
efficient in process applications where displacement of one variant by another takes place as a result of

ictabl
the faster and more pred

. Introduction

In Part I of this work [1], we investigated the cation exchange
dsorption equilibrium properties of deamidated forms of a mon-
clonal antibody (mAb). Deamidation of mAbs is often a serious
oncern since it can occur in parts of the molecule that may affect
he bioactivity thereby reducing or even compromising the thera-
eutic efficiency of this important class of biopharmaceuticals [2,3].
he separation of deamidated forms may therefore be desirable
or the manufacturing of therapeutic proteins [4,5]. Ion exchange
hromatography has been successfully applied for this purpose at
he analytical scale as deamidation produces charge differences

rom the conversion of asparagine and glutamine residues into
spartic and glutamic acid residues, respectively [6–9]. In our prior
ork, we characterized the single and multicomponent adsorp-

ion equilibrium of deamidated variants on the cation exchangers
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e kinetics.
© 2011 Elsevier B.V. All rights reserved.

UNOsphere S from Bio-Rad Laboratories (Hercules, CA, USA) and
Capto S from GE Healthcare (Piscataway, NJ, USA). The former pos-
sesses a macroporous architecture while the latter is based on a
crosslinked agarose matrix functionalized with charged dextran
grafts. No selectivity was seen at pH 5 for either stationary phase.
Although the binding strength was lower, both matrices exhibited
substantial selectivity at pH 7.5. The effective binding charge of
the antibody, determined from linear gradient elution experiments
and from the steric mass action (SMA) model, differed between the
two different matrices, but was nearly independent of the degree
of deamidation. For both materials predictions of multicomponent
adsorption based on SMA parameters determined from single com-
ponent measurements were in good agreement with experimental
results indicating that the different variants bind in competition
with each other.
Besides adsorption equilibrium, the adsorption kinetics is also
important in the design of protein chromatography processes at the
industrial scale where diffusional mass transfer within the parti-
cles is typically rate limiting [10,11]. Thus, understanding the rates
and mechanism of intraparticle transport is critical [12,13]. Protein

dx.doi.org/10.1016/j.chroma.2011.01.050
http://www.sciencedirect.com/science/journal/00219673
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dsorption kinetics in ion exchangers have been studied exten-
ively for single component systems using a variety of macroscopic
nd microscopic techniques [12–20] and it has been found that dif-
erent diffusion mechanisms can be controlling depending on pH,
alt concentration and the characteristics of protein and stationary
hases [21–23]. In general, pore diffusion is dominant for macrop-
rous matrices, when the pore size is much larger than the size of
he protein molecules. In this case, the mass transfer flux is propor-
ional to the gradient in protein concentration in the particle pores
11,12]. A different mass transfer mechanism apparently driven by
gradient in adsorbed protein concentration has, however, been

bserved for certain conditions where protein transport occurs in
lose proximity to the adsorbent surface or within flexible charged
olymer gels [14,24–28]. For such conditions, since the adsorbed
rotein concentration gradient can give a large driving force, mass
ransfer can be faster despite the reduced molecular mobility of the
rotein in the adsorbed state [13,14,29].

Despite the substantial differences, for practical calculations
he mass transfer flux can be described for both mechanisms dis-
ussed above using a phenomenological effective pore diffusivity,
e. When macropore diffusion is controlling, De is usually relatively

ndependent of protein and salt concentration, and is related to the
ree solution diffusivity, D0, by the following equation [11,29]:

e =  pεpMD0

�p
(1)

here εpM is the particle macroporosity, �p the tortuosity factor,
nd p the diffusional hindrance factor [30]. The latter varies some-
hat with salt concentration as a result of electrostatic effects

31] or when the bound protein restricts the pore size. However,
hese effects are usually small for large pore matrices. On the other
and, when diffusion is driven by the gradient in adsorbed phase
oncentration, the apparent De dependency on protein and salt
oncentration may be described by the following approximate rela-
ionship [14,32,33]:

e∼Ds q
∗

C
(2)

here Ds is the diffusivity in the adsorbed phase and q* and C are
he adsorbed and solution protein concentrations, respectively. In
his case, if Ds is constant and the isotherm is nearly rectangular
i.e. q* is independent of C), De becomes inversely proportional to
.

The description of multicomponent protein adsorption kinetics
s relatively straightforward when pore diffusion is dominant pro-
ided the kinetics of displacement of a bound protein by another
s fast. In this case, the effective pore diffusivity can be expected to
e the same as that for each single component system. For these
onditions, the effect of competitive binding is a continuous dis-
lacement process within the adsorbent particles where the more
eakly bound species diffuse toward the center of the particle

head of the more strongly bound components temporarily reach-
ng average adsorbed concentrations that exceed the equilibrium
alue. Over time, the more strongly adsorbed components displace
he more weakly bound ones eventually reaching the particle cen-
er when equilibrium is established. Such a mechanism has been
bserved experimentally for mixtures of cytochrome c and myo-
lobin in controlled pore glass [34], and for mixtures of cytochrome
and lysozyme in SP-Sepharose-FF [35] and is consistent with con-

ocal microscopy observations for albumin-IgG mixtures [36] and
ith theoretical calculations in refs. [34,35,37].
On the other hand, when transport occurs with an adsorbed
hase concentration driving force, multicomponent adsorption can
e much more difficult to predict since the adsorbed phase dif-
usivities are not necessarily constant and a simple relationship
etween De and Ds may not exist. For example, Lewus and Carta [38]
218 (2011) 1530–1537 1531

showed that the simultaneous adsorption kinetics of cytochrome
c/lysozyme mixtures on S-HyperD-M (BioSepra, Marlborough, MA,
USA) could not be described with constant diffusivities but could
be predicted with some accuracy assuming that the driving force is
proportional to the chemical potential gradient. Russell and Carta
[39] observed microscopically smooth patterns consistent with a
co-diffusion process during the co-adsorption of ovalbumin and
BSA in cationic polyacrylamide gels. Unfortunately, however, scant
details are available in the literature regarding multicomponent
protein adsorption kinetics for more realistic systems. As a result,
generalizing these observations is uncertain. Thus, in this work we
have studied the single and multi component adsorption kinetics of
deamidated mAb variants for both UNOsphere S and Capto S matri-
ces and for both simultaneous and sequential adsorption. In the
former case, two or more proteins are adsorbed simultaneously on
a clean adsorbent, while in the latter a pre-adsorbed protein is dis-
placed by a more strongly adsorbed one. Pore and surface diffusion
models are applied to determine the respective pore and solid dif-
fusivities and to make predictions of multicomponent adsorption
kinetics for both cases.

2. Experimental

2.1. Materials

The two cation exchangers used in this work are the same as
those considered in Part I [1]. UNOsphere S (Bio-Rad Laboratories,
Hercules, CA, USA) is a polymeric resin having an open macroporous
structure with an apparent pore radius around 68 nm based on the
size exclusion characteristics of neutral dextran probes. Capto S
(GE Healthcare, Piscataway, NJ, USA) is based on dextran-grafted
agarose and has a much smaller apparent pore size that varies
from about 5 nm at low ionic strength to about 9 nm in 1 M NaCl.
Since, based on the Stokes–Einstein equation, the mAb hydrody-
namic radius is around 5 nm, it is clear that diffusional transport in
this material is likely to be strongly influenced by interactions with
the charged polymer grafts.

As described in Part I [1], three different fractions of a
deamidated mAb mixture were separated by cation exchange
chromatography using a Source 30S column from GE Healthcare
(Piscataway, NJ, USA). These three fractions, identified simply as
fractions 1, 2 and 3, were shown to have different degrees of
deamidation and binding strengths, with fraction 1 being the most
deamidated and most weakly binding one and fraction 3 being the
least deamidated and most strongly binding one. Although each
fraction contained a mixture of subspecies resolved by high res-
olution HPLC and by isoelectric focusing (IEF), we assumed that
each could be treated as a pseudo-component since no resolu-
tion of the subspecies could be seen with the preparative ion
exchangers used in this work. Forrer et al. [40] successfully used a
similar approach lumping multiple closely related species together
into pseudo-components in their description of polyclonal IgG
adsorption. Individual fractions and their mixtures reconstituted
in different proportions with respect to the original mixture were
thus used to study single and multicomponent adsorption kinet-
ics. All other chemicals and reagents were purchased from Fisher
Scientific (Pittsburgh, PA, USA) unless otherwise stated.

2.2. Methods
2.2.1. Chromatographic analysis for non-binding conditions
Measurements of the height equivalent to a theoretical plate

(HETP) were used initially to determine the protein mass transfer
properties of both stationary phases using non-binding conditions
to avoid the potential influences of factors related to binding kinet-
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ig. 1. Overlaid isocratic pulse response peaks under nonbinding conditions for mA
) and Capto S (b and d). Mobile phase superficial velocities for the curves shown w
.1 cm/min for Capto S, respectively. Vertical dashed lines in a and b indicate CV = ε

cs. The experiments were conducted in 10 mM Na2HPO4 buffer
t pH 7.5 containing 1 M NaCl, using slurry-packed 1 cm × 10 cm
ricorn columns from GE Healthcare. Since there was no binding
nder these conditions, the behavior of the different mAb fractions
as the same. The HETP was obtained using the moment method

11] and the effective pore diffusivity, De, was calculated from the
lope of plots of reduced HETP, h (= HETP/dp) vs. reduced velocity,
′ (= vdp/D0) using the following equation [12]:

De
D0

= 1
30

ε

1 − ε
(

k′

1 + k′

)2 dv′

dh
(3)

here dp is the particle diameter, v the mobile phase interstitial
elocity, ε the extraparticle porosity, D0 the protein free solution
iffusivity, and k′ the retention factor.

.2.2. Adsorption kinetics
Batch uptake experiments were performed as described in refs.

12,28]. For one-component measurements, a known amount of
dsorbent particles was added to a glass vessel containing 20 ml
f protein solution agitated with a paddle-type immersion mixer
t 300 rpm. The 280 nm absorbance of the solution recirculated
hrough a UV detector was used to obtain the residual protein
oncentration and the amount of protein bound was estimated

y material balance calculation. Multi-component measurements
ere done similarly but with a 100 ml of protein solution and with-
rawing 300 �l samples at periodic time intervals. These samples
ere analyzed chromatographically as described in Part I of this
ork using a 5 mm × 50 mm Source 30S column at 1 ml/min with
tion 3 in 1 M NaCl and dimensionless van Deemter curves for UNOsphere S (a and
.64, 1.4, 2.6, 3.8, 5.1, and 6.4 cm/min for UNOsphere S, and 0.25, 0.64, 1.4, 2.6, 3.8,

a 30-column volume (CV) linear gradient from 25 to 60 mM NaCl
in 10 mM Na2HPO4 at pH 7.5. For both single and multicompo-
nent cases, the amount of clean resin added for each run was in an
amount intended to make the final protein concentration in solu-
tion equal to about 50% of the initial value based on the equilibrium
adsorption capacity as predicted in [1]. Sequential adsorption stud-
ies were conducted by first exposing the adsorbent samples to the
more weakly bound mAb fraction and then adding a bolus of the
more strongly bound fraction, after which the solution concentra-
tions of both species were monitored over time.

3. Results

3.1. Mass transfer kinetics for non-binding conditions

Fig. 1 shows the elution chromatograms and the correspond-
ing plots of h vs. v′ for both UNOsphere S and Capto S at different
superficial velocities. Since there was no binding retention occurred
only because of diffusion in the particle pores. As seen in this figure,
the two matrices gave very different results. For UNOsphere S, the
peaks eluted at CV-values significantly larger than the extraparti-
cle porosity ε, and they became broader and more skewed as the
flow rate was increased indicating that the protein diffused into the

particle pores. On the other hand, for Capto S the peaks were nar-
row but highly asymmetrical and eluted at CV-values that nearly
coincided with the extraparticle porosity, indicating that the mAb
molecules were essentially completely excluded from the pores of
this matrix under these nonbinding conditions. These results are
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onsistent with the iSEC experiments obtained with neutral dex-
ran probes described in Part I of this work [1] that gave an apparent
ore radius of about 5 nm for Capto S, nearly the same as the mAb
ydrodynamic radius. Accordingly, the HETP vs. flow velocity plots

n Fig. 1c and d show a linear relationship for UNOsphere S but
flat line for Capto S. Based on Eq. (3), the UNOsphere S results

ave De/D0 = 0.18 ± 0.02 or De = 6.8 ± 0.3 × 10−8 cm2/s, based on the
stimated free solution diffusivity D0 = 3.8 × 10−7 cm2/s. Since for
NOsphere S the macroporosity is εpM = 0.58 [1] and  p is esti-
ated to be around 1 because of the large ratio of pore and protein

izes [30], Eq. (1) gives �p ∼ 3, which is in the range normally
ncountered for ordinary diffusion in macroporous matrices [41].
n the other hand, for Capto S, the apparent h was nearly constant
nd could not be used to determine De since very little of the mAb
iffused in the beads.

.2. Adsorption kinetics

The kinetic mechanisms were expected to be similar for the
hree mAb fractions because of their similar molecular structures.
hus, the single component adsorption kinetics was studied only
or fraction 3 as representative of all three fractions. Uptake curves
btained with different initial protein solution concentrations are
hown in Fig. 2a and b for UNOsphere S and Capto S, respectively.
espite the larger binding capacity, larger particle size, and smaller
pparent pore size of Capto S, the time needed to attain equilibrium
as considerably shorter than for UNOsphere S, indicating faster

dsorption kinetics, especially at low protein concentrations. For
xample at 0.5 mg/ml protein, equilibrium was achieved in about
000 s for Capto S, while it took more than 6000 s for UNOsphere S.
oreover, the Capto S uptake curves became almost independent of

he initial protein concentration above 0.5 mg/ml while significant
ifferences between 1 and 2 mg/ml could be seen for UNOsphere S.

Figs. 3 and 4 show the simultaneous adsorption kinetics for
ixtures of mAb fractions 2 and 3 in different ratios at an initial

otal combined protein concentration of 2 mg/ml for UNOsphere
and Capto S, respectively. As for the single component case, the

wo-component uptake kinetics were also very different for the
wo matrices. As seen in Fig. 3, the UNOsphere S uptake curve
or fraction 2, which is more deamidated and more weakly bound,
lways presented an overshoot in the amount bound before gradu-

lly returning to equilibrium. This behavior indicates a continuous
isplacement of fraction 2 by the more strongly bound fraction 3.
onversely, as seen in Fig. 4, the Capto S uptake curves were qual-

tatively similar for both components in that the final equilibrium
alue was reached gradually with no apparent overshoot of weakly
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Fig. 5 shows the simultaneous adsorption experiments for mix-
ures of all three mAb fractions. As seen in Fig. 5a, UNOsphere S
howed an overshoot for both fractions 1 and 2. The overshoot
as more pronounced for fraction 1, which is the most deami-
ated and binds most weakly. As seen in Fig. 5b, Capto S again
howed no significant overshoot of the amount bound for either
raction 1 or 2 indicating that, in this case, the different species
o-diffused in the beads following similar trends as a function of
ime but attaining different final equilibrium capacities. For both

atrices, the time scales of the two- and three-component uptake
xperiments were similar to the corresponding single component
ases, with the Capto S kinetics being considerably faster than for
NOsphere S.

Fig. 6 shows the sequential adsorption results for particles that
ere first exposed to 1 mg/ml of mAb fraction 2 and then, after

ttaining equilibrium, to fraction 3. The latter was added as a
olus to give an initial concentration also of 1 mg/ml. This pro-
ess mimics what is likely to happen in the frontal loading of a
ixture of the two components to a column where the weakly

ound species is concentrated downstream of the feed front. For
oth materials, fraction 3 displaced the pre-adsorbed fraction 2.
owever, this process occurred over very different time scales for

he two matrices. As seen in Fig. 6a, for UNOsphere S the dis-
lacement kinetics occurred on the same time scale as that of
he single-component and simultaneous multicomponent bind-
ng processes (∼6000 s). Moreover, the fraction 3 uptake curve in
he two-component sequential adsorption experiment was very
imilar to that obtained with a clean resin sample indicating that
he presence of pre-adsorbed mAb fraction 2 did not significantly
ffect transport of the fraction 3 molecules. On the other hand,
he Capto S result was quite different. In this case, sequential
dsorption on particles that were pre-saturated with mAb frac-
ion 2 occurred over a time scale (�12,000 s) that was much longer
han that observed for the single and two-component simultaneous
dsorption experiments. This result suggests that the pre-adsorbed
raction 2 molecules strongly hindered the adsorption kinetics of
raction 3.
.3. Kinetics modeling

Two different models were used to quantitatively describe the
dsorption kinetics. The first assumes that pore diffusion is con-
rolling and is given by the following equations and boundary

Fig. 5. Simultaneous adsorption of three mAb fractions on UNOsphere S (a) and
Capto S (b) with initial protein concentrations C0

1 = 0.5, C0
2 = 0.5, and C0

3 = 1 mg/ml
for fractions 1, 2, and 3, respectively, at 0 M NaCl. Lines are predictions based on the
pore diffusion model (Eqs. (4) and (5)) for UNOsphere S and on the adsorbed phase
diffusion model (Eqs. (7) and (8)) for Capto S.
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onditions [11,29]:

∂qi
∂t

= De,i
r2

∂

∂r

(
r2
∂ci
∂r

)
(4)

∂ci
∂r

∣∣∣∣
r=0

= 0 (4a)

e,i
∂ci
∂r

∣∣∣∣
r=rp

= kf,i(Ci − ci|r=rp ) (4b)

dCi
dt

= −3VM
rp
De,i

∂ci
∂r

∣∣∣∣
r=rp

(5)

i|t=0 = C0
i (5a)

here Ci and ci are the protein concentrations in the bulk liquid
nd particle pores, respectively, qi is the adsorbed protein con-
entration, and kf,i is the external film mass transfer coefficient.
i and ci were assumed to be in equilibrium with their relationship

xpressed by the steric mass action (SMA) model [42] as discussed
n Part I of this work:

i =
qiCI

zi

Ke,i[q0 − ∑
(zi + �i)qi]zi

(6)
218 (2011) 1530–1537 1535

where q0 is the resin’s ionic capacity, CI is Na+ concentration, zi
and �i are the effective binding charge and hindrance parameters,
respectively, for each protein form, and Ke,i is the correspond-
ing equilibrium binding constant. These parameters were obtained
from the single component adsorption isotherms and are given in
Part I of this work. The same parameters are used for the multi-
component case with the summation in Eq. (6) extended to all mAb
components, but not to the Na+ counterion, which is considered to
be in equivalent excess.

The second model assumes that diffusion in the adsorbed phase
is controlling. Neglecting accumulation in the pore volume, this
model is given by the following equations and boundary conditions:

∂qi
∂t

= Ds,i
r2

∂

∂r

(
r2
∂qi
∂r

)
(7)

∂qi
∂r

∣∣∣∣
r=0

= 0 (7a)

Ds,i
∂qi
∂r

∣∣∣∣
r=rp

= kf,i(Ci − Csi ) (7b)

V
dCi
dt

= −3VM
rp
Ds,i

∂qi
∂r

∣∣∣∣
r=rp

(8)

Ci|t=0 = C0
i (8a)

where Cs
i

is the fluid phase concentration at the particle surface
and is related to qi|r=rp through Eq. (6). Both models were solved
numerically by finite differences and the solutions compared with
the single component uptake curves to determine either De or Ds

by data fitting. For this purpose, uptake curves were calculated in
small increments for a range of values of De and Ds. The best-fit
values were chosen as those that minimized the sum of residual
squares between predicted and experimental values. Average rela-
tive deviations between calculated and experimental curves were
less than ±3% for either model. Estimated errors of the regressed
parameters were based on the De- and Ds-values that resulted a
±10% variation of the sum of residual squares. In both cases, the
mass transfer coefficient kf was estimated to be 0.0015 cm/s for all
mAb forms based on the results in Ref. [28], although this parameter
had practically no effect on the results.

The fitted diffusivity values (De and Ds for the pore and adsorbed
phase diffusion model, respectively) are shown in Table 1. As
previously noted for other systems (e.g. [12–14]), either model
could provide a good fit of the batch uptake curves. However, as
seen from Table 1, the trends of the fitted parameters as a func-
tion of initial protein concentration were different for the two
stationary phases both qualitatively and quantitatively. For UNO-
sphere S, De was low and increased only by a relatively small
amount as the initial protein concentration was increased. The
value (6.6 ± 0.3) × 10−8 cm2/s obtained at 2 mg/ml is very close to
the value of (6.8 ± 0.3) × 10−8 cm2/s determined chromatographi-
cally for non-binding conditions. On the other hand, the Ds-value
required to fit the UNOsphere S data increased as the protein con-
centration increased. The opposite behavior was seen for Capto S.
In this case, De increased as the protein concentration decreased,
while Ds remained relatively constant. Beside the trends with pro-
tein concentration, the most striking difference was the relatively
low values of De for UNOsphere S and the relatively high values of
De for Capto S, in direct contradiction to their respective apparent
pore sizes.
The different behavior observed for the two different adsorbents
indicates that the underlying transport mechanisms are different.
While neither model provided an exact description with constant
parameter values, it is apparent that pore diffusion was more con-
sistent (both qualitatively and quantitatively) with the UNOsphere
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Table 1
Summary of diffusivity values determined from the single-component uptake curves. De are based on Eqs. (4) and (5) while Ds-values are based on Eqs. (7) and (8). Estimated
errors of the regressed parameters are based on the De- and Ds-values that resulted a ±10% variation of the sum of residual squares.

C0 (mg/ml) UNOsphere S Capto S

q* (mg/ml) De (10−7 cm2/s) Ds (10−9 cm2/s) q* (mg/ml) De (10−7 cm2/s) Ds (10−9 cm2/s)

0.03
0.10
0.10

S
p
b
a
b
j
v
i

p
u
m
t
t
p
p
e
s
m
T
f
d
t
t
r
e
t
w
U
t
±
p
r
F
a
o
m
s
i
m
s

k
m
d
m
s
t
r
t
s

4

a

0.5 87 1.25 ± 0.03 0.98 ±
1.0 90 0.83 ± 0.03 1.40 ±
2.0 93 0.66 ± 0.03 2.0 ±

behavior while adsorbed phase diffusion seemed to be a better
redictor of the Capto S behavior. An improved prediction may have
een obtained for UNOsphere S assuming a small contribution of
parallel surface diffusion flux. The latter, however, appeared to

ecome insignificant at higher protein concentrations since even at
ust 2 mg/ml the effective pore diffusivity approached the limiting
alue obtained for non-binding conditions where surface diffusion
s impossible.

Prediction of the multicomponent kinetic behavior based on the
arameters and models determined from the single-component
ptake curves is of interest since, on one hand, multicomponent
odeling is useful for design, while, on the other, comparison with

he experimental results can shed further light on the underlying
ransport mechanisms. Calculations were carried out for both the
ore diffusion model (i.e. Eqs. (4) and (5)) and for the adsorbed
hase diffusion model (i.e. Eqs. (7) and (8)) for each material. How-
ver, the surface diffusion model failed to predict the overshoots
een experimentally for UNOsphere S, while the pore diffusion
odel predicted overshoots not seen experimentally for Capto S.

hus, for simplicity, we only show the predictions of the pore dif-
usion model for UNOsphere S and those for the adsorbed phase
iffusion model for Capto S. The calculations were done using
he values of De and Ds, for UNOsphere S and Capto S, respec-
ively, obtained with 1 mg/ml initial protein concentration. The
esults are shown in Figs. 3–6. For simultaneous adsorption with
ither two or three components (Figs. 3–5, respectively), predic-
ions based on the pore and adsorbed phase diffusion models
ere in agreement with the experimentally observed trends for
NOsphere S and Capto S, respectively. Average relative devia-

ions between experimental and predicted q-values were ±13% and
9.3% for UNOsphere S and Capto S, respectively, for the two com-
onent cases and ±18% and ±20% for UNOsphere S and Capto S,
espectively, for the three component cases. However, as seen in
ig. 6, while the pore diffusion model also predicted the sequential
dsorption kinetics for UNOsphere S with accuracy similar to that
f the simultaneous adsorption cases, the adsorbed phase diffusion
odel completely failed to predict the experimentally observed

equential adsorption behavior for Capto S. For the latter, the kinet-
cs of adsorption upon the addition of the second mAb variant was

uch slower than those predicted by the model and even much
lower than those observed and predicted for UNOsphere S.

Finally, an attempt was made to describe the Capto S adsorption
inetics with the model of Lewus and Carta [38] assuming that the
ass transfer flux is proportional to the chemical potential gra-

ient. For our system, this model could describe the single and
ulticomponent simultaneous adsorption kinetics with accuracy

imilar to that of Eqs. (7) and (8). However, the prediction of sequen-
ial adsorption based on this model, while improved somewhat
elative to the constant Ds case, also failed to describe quantita-
ively the very slow kinetics of the sequential adsorption process
hown in Fig. 6b.
. Discussion and conclusions

The experimental results and our analyses based on pore and
dsorbed phase diffusion models suggest that the kinetic mecha-
180 10.0 ± 1.0 4.0 ± 0.4
205 6.0 ± 0.5 4.5 ± 0.4
205 3.7 ± 0.4 4.1 ± 0.1

nisms are very different in UNOsphere S and Capto S. Because of the
large pore size relative to the molecular size of the mAb, the UNO-
sphere S adsorption kinetics is dominated by pore diffusion. Not
only was the De determined from the batch uptake curves a frac-
tion of the free solution diffusivity, but, at relatively higher protein
concentrations, De became nearly coincident with the value deter-
mined for non-binding conditions indicating that protein–surface
interactions play only a small role on protein transport in this
material. For these conditions, predictions of the multicomponent
adsorption kinetics compared well with the experimental behav-
ior for both simultaneous and sequential adsorption confirming
that the pore diffusion is still dominant and that the process of
displacing one adsorbed variant by another occurs on time scales
that are much shorter than that of the overall kinetic process. For
this mechanism, similar results with a temporary overshoot are
expected to occur whenever a weak binding protein is competi-
tively displaced by a more strongly bound species, regardless of
their relative molecular size.

Capto S, on the other hand, behaved differently. For non-binding
conditions the dextran-grafted architecture of this material largely
excluded the mAb molecules. On the other hand, for conditions
where interaction between the positively charged mAb molecules
and the negatively charged grafts became highly favorable, these
same dextran grafts enhanced both single-component and simulta-
neous two- and three-component adsorption kinetics, seemingly as
a result of a larger driving force. Similar behavior was observed pre-
viously for other commercial [43,44] and experimental [23,26,28]
dextran-grafted matrices. However, the same enhancement was
not seen when a pre-adsorbed, less strongly bound variant was
displaced by a more strongly bound one. In this case, the kinetics
switched from being very fast to being extremely slow in a man-
ner that could not be predicted by the same model. The reasons
for this behavior are not known. One possibility is that the sequen-
tial adsorption kinetics in Capto S is associated with a large kinetic
resistance when the pre-adsorbed variants are exchanged for more
strongly bound ones. However, since these variants are similar and
binding is non-specific, such a resistance seems unlikely. Another
possibility is that transport in Capto S is controlled by electro-
static coupling of diffusion fluxes between the adsorbing protein
molecules and the much faster diffusing Na+ counterions, as pre-
viously hypothesized by Stone et al. [23] for other experimental
dextran-grafted matrices. Accordingly, if the highly charged protein
molecules retain diffusional mobility in the adsorbed state, protein
transport can theoretically be enhanced by the counterdiffusing
Na+ ions as a result of the electrical potential gradient generated
by the vast differences in ionic mobility [45]. This would occur
whether one component or multiple species are simultaneously
adsorbed resulting in a rapid kinetics in both cases. On the other
hand, it is clear that such a mechanism could not contribute to the
sequential adsorption case where one slowly diffusing component
is displaced by another slowly diffusing one having a very similar

charge. No rate enhancement associated with electrokinetic effects
could take place in this case since exchange for rapidly diffusing
Na+ ions does not occur. The result is then a very slow kinetic pro-
cess controlled by the highly hindered diffusion similar to that seen
experimentally for non-binding conditions. This putative mecha-
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ism, however, requires diffusional mobility in the adsorbed phase
here the protein concentration can reach sufficiently high val-
es for diffusional flux coupling to be significant. As such, it is not

ikely to be significant at high salt, where the adsorbed protein con-
entration is very low, or in the liquid phase. Conceptually, this
echanism appears to be consistent with the experimental results.
quantitative analysis is however beyond the scope of this work

ince the relationships describing coupled ionic transport are most
ikely complicated by the currently unknown intrusion of co-ions
n the resin matrix [45]. A third possibility is that protein transport
n Capto S is associated with the dynamic behavior of the grafted
extran polymers. Cussler et al. [46], for example, have discussed
potential mechanism for porous membranes containing tethered
arriers where solute transport is facilitated by local fluctuations,
hich pass molecules from one carrier to the next in a manner akin

o a “bucket brigade”. Unfortunately, however, to our knowledge,
o fundamentally based model is currently available to describe
his process. As a result we cannot currently test this hypothesis.

From a practical viewpoint, this work, combined with the con-
lusions in [1], offers valuable clues about the relative advantages of
acroporous and dextran grafted matrices and shed light on what
odels can be used to predict their respective behavior on actual

rocess separations. However, while the UNOsphere S behavior is
ikely to be similar to that observed in this work for other com-
etitively bound proteins, predicting the behavior of Capto S for
ther systems could be challenging since the interactions of the
harged dextran grafts with the diffusing proteins could be highly
ependent on the specific molecular properties of each system.

omenclature

concentration in particle pores (mg/ml or mM)
fluid phase concentration (mg/ml or mM)

I Na+ concentration (mM)
p particle diameter (cm)
e effective pore diffusivity (cm2/s)
s adsorbed phase diffusivity (cm2/s)
0 free solution diffusivity (cm2/s)

reduced HETP (=HETP/dp)
′ chromatographic retention factor
f external film mass transfer coefficient (cm/s)
e equilibrium constant for protein–counterion exchange in

SMA model
adsorbed concentration (mg/ml or mM)

* adsorbed concentration in equilibrium with external
solution (mg/ml or mM)

0 charge density of stationary phase (mM)
particle radial coordinate (cm)

p particle radius (cm)
time (s)
mobile phase interstitial velocity (cm/s)

′ reduced velocity (= vdp/D0)
solution volume (ml)

M volume of particles (ml)
protein effective binding charge
extraparticle void fraction
pM intraparticle macroporosity
p diffusional hindrance factor

hindrance parameter in SMA model
p tortuosity factor

[
[
[
[
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Subscript
i component number

Superscripts
0 initial value
S value at the particle surface
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